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Prevailing Biological, Ecological and Environmental 
Characteristics 
Environmental Characteristics 
The geographic setting and circulation characteristics 
of the Chesapeake Bay are described in a previous section of 
this report. What follows is a description of the physico-
chemical characteristics of the Bay which are of notable 
ecological importance. 
A. Temperature 
The range of temperatures naturally experienced in the 
Chesapeake Bay is extreme in comparison with most coastal 
water bodies. The annual surface temperature range in the 
open Bay is approximately 0°C to 29°C. The temperature range 
of deep bottom waters is a bit less, l°C to 25°C. Because 
it is latitudinally extensive, temperatures in the northern 
and southern portions of the Bay may differ markedly. Tem-
peratures in the Virginia portion average about 0.5°C warmer, 
although the region of the Bay mouth is ~generally cooler than 
elsewhere during the sununer because its temperature is moder-
ated by the influence of the ocean. Temperatures range more 
widely and fluctuate more quickly in shallow waters, where 
sunnner temperatures in excess of 30°C are not uncommon. 
Figure 1 depicts a typical seasonal oscillation of tem-
perature in the mid-Bay. Of course, there are year-to-year 
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Fig. 1. Monthly variation of temperature at a station in the mid-
Bay (from Seitz, 1971). 
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Shorter term variations (e.g. diurnal) of the range of 1°C 
to 3°C are not uncommon. 
B. Salinity 
Another environmental characteristic of paramount eco-
logical importance is salinity. It principally governs the 
large scale distribution patterns of organisms in the Bay. 
Salinity also affects circulation and mixing of waters, 
sedimentation and many other physico-chemical properties 
of ecological importance. 
The salinity of the Bay ranges from 25-30%, near its 
mouth to 0.1%c,, the salinity of incoming fresh water (Figs. 
2 and 3). The distribution of salinity in the main body of 
the Bay is regulated principally by the freshwater discharge 
of the Susquehanna (Schubel, 1972). Marked variations in 
the freshwater inflow produce large temporal variations in 
salinity. These temporal patterns may reflect long term 
ciimatic trends such as drought cycles, seasonal runoff 
patterns, or aperiodic events, such as extratropical storms 
and hurricanes. The recurring seasonal patterns is governed 
by the seasonal distribution of runoff, which is highest in 
spring and least in fall, thus the salinity at any given 
locati9n averages 2-7~ lower in spring than in fall (Figs. 
2 and 3). 
Salinity is generally higher on the eastern side of the 














the greater freshwater discharge from the west. Salinity is 
also generally higher, as much as 8~ higher, and less varia-
ble in bottom waters than on the surface (Fig. 4). 
C. Oxygen 
Dissolved oxygen concentrations in the Bay are regulated 
by a complex of physical and biological processes which add 
or subtract oxygen from the water. Surface waters in the 
open Bay are at or near saturation levels throughout the 
year. During spring, warming, which decreases 02 solubility 
and increases biochemical uptake rates, together with in-
creased runoff, which adds organic matter to the system and 
causes vertical stratificattion of the water mass, serve to 
cause oxygen depletion in deep waters of. the middle and upper 
Bay (Figs. 5 and 6). By mid-June, oxygen in deeper layers 
may be less than 1 ml/1, while surface waters are nearly 
saturated at 5 ml/1. By mid-summer oxygen at depths greater 
t~an 12 m may be less than 0.1 ml/1. Fall cooling mixes the 
water column and bottom waters are again oxygenated and the 
entire water column is nearly saturated. 
Oxygen depletion in some tributary estuaries in the 
upper bay has been attributed to nutrient loading from sewage 
treatment plants or non-point sources (principally septic 
field drainage) (Schubel, 1972). Most sewage is discharged 
into tributaries rather than directly into the Bay (Brush, 
1974) and the degree to which this source contributes to the 
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Several authors (Schubel, 1972; Flemer, 1972) have expressed 
the opinion that the upper Bay is at the limits of its capac-
ity to assimilate nutrients without serious worsening of 
dissolved oxygen conditions. 
D. Nutrients 
The major nutrients in the Bay are derived from nutri-
ent-rich freshwater inflows. The Susquehanna River is the 
major source of nutrients in the upper Bay. At Havre de 
Grace, Maryland where the river enters the Bay, total phos-
phorus ranges from l.0.,;0g-at/l in the summer and fall to 1.5 
.,ug-at/1 during winter and spring. Nitrogen, mainly as ni-
trate, ranges from a high of 80 to 105/Ug-at/1 in the spring 
to about 50..,ug-at/1 during the remainder of the year (Schubel 
1972). As one progresses dow~ the Bay, concentrations of 
both nutrients decline. In the lower Bay, phosphate levels 
are generally 1.0..,ug-at/1 and nitrate-nitrite levels ranges 
from lJJg-at/1 to spring-time highs of about 20Jlg-at/1 
(Zubkoff et al. 1973). 
In the upper Bay, plankton productivity is stimulated 
by high nutrient levels, but high grazing rates preclude an 
undesirable build-up of algae such as can be seen in trib-
utary estuaries. In the lower Bay, nitrogen is probably 
limiting since N:P ratios are often less than 10:1, whereas 
phosphorus seems to be the limiting factor in the upper Bay 
where the N:P ratios are usually greater than 15:1. Phos-
phorus levels, however approach the lower level found in 
-10-
eutrophic waters. Further addition of phosphorus could 
therefore be catastrophic if one assumes that light is not 
limiting. High turbidity in the upper Bay could result in 
light limitation of photosynthesis, but this needs further 
investigation. 
The distribution of nitrogen in the upper Bay reflects 
the large seasonal pulses of inputs via the Susquehanna River 
(Figs. 7 and 8) and concentrations in the Bay proper seem 
little affected by the nutrient loadings to the adjacent 
tributaries, principally the Back, South, Magothy, Miles, 
Chester, Severn, Patuxent and rotomac rivers. It would 
appear that the nutrients added to tributaries of the Bay 
by sewage treatment plants and septic field drainage are 
deposited mostly within the tributaries. Excessive concen-
trations, found to cause nuisance blooms of algae within 
the tributaries (e.g. the Potomac), are not observable 
within the Bay proper. 
E. Sediments 
The Chesapeake estuary is rapidly filling in with 
alluvial sediments. Most of the high sediment load of the 
Susquehanna is deposited in the upper Bay above Annapolis. 
Most of the load of the other major rivers is deposited in 
their estuaries and does not reach the Bay proper. Thus 
sedimentation rates are relatively slow in the lower Bay 
and extremely rapid in the upper Bay. Most of the coarser 
material transported by the inflowing rivers is innnediately 
-11-
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Surface nitrate distributions (N03 + N02) in upper 
Chesapeake Bay (from Schubel, 1972). 
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deposited in the upper tidal reaches, thus the principal 
sediments throughout most of the Bay are fine silts and 
clays. Sand is connnon in shoal areas and results mainly 
from erosion of coastal landforms. Because of swift cur-
rents and greater wave energy the sediments of the Bay 
mouth region are mostly sand and the bottom is dynamic. 
The nature of bottom sediments affects the distribution 
I 
of benthic organisms and suspended and resuspended sediments 
affect planktonic organisms. Moreover, the nature o! sedi-
ments and rate of sedimentation affect the capacity of the 
estuarine system to assimilate toxic materials and nutrients. 
It is in large measure due to the naturally rapid sedimenta-
1 tion that the Bay ecosystem owes its relatively good health. 
Alterations of the sediment supply and sedimentation 
processes of the Bay have been substantial (Schubel, 1972). 
These may result from changes in land use and soil erosion, 
impounding r~noff, alterations of the geometry of the estu-
ary, res~spension of bottom sediments and spoil disposal. 
The relationship of these alterations to water quality and 
their implications to managing point source discharges are 
poorly understood. 
F. Other Characteristics 
Toxic substances including heavy metals, pesticides and 
petroleum hydrocarbons are generally at low, often nondetec-
table levels in the Bay proper. High concentrations can be 
-14-
observed in sediments, but materials associated with sedi-
ments are less available to the biota. In some cases, alarm-
ing levels of metals and pesticides have been ob.served in 
oysters and a few other members of the biota, which have 
the capability of accumulating these materials to levels 
much higher than those ambient in the water. 
The magnitude of non-point source contributions of 
toxic substances and nutrients to the Bay has not been 
assessed. The extensive agricultural activity and unsew-
ered communities along the tributary estuaries of the Bay 
suggest that non-point sources, especially of nutrients, 
are highly significant. 
2. Ecological Segmentation of the Bay 
Primarily because of the profound effect of salinity on 
the distribution of organisms within the Bay, the biotic 
communities found in the Bay change greatly from the mouth 
to the head. Differences in these physico-chemical charac-
teristics along the estuarine gradient also effect markedly 
different ecosystem attributes from the mouth to the head. 
Estuarine biologists have long recognized biotic changes 
along estuarine gradients and many schemes for classification 
of biotic zones have been proposed. The most widely used is 
the so-called Venice System (Symposium on the Classification 
of Brackish Waters, 1958) outlined in Table 1. Many biol-
ogists in the Chesapeake Bay region have found this classi-
fication useful in application to Bay e·nvironments and it 
-15.-
will be used in the subsequent discussion of biological 
characteristics. Fig. 9 depicts the areal distribution of 
these estuarine zones in the Bay. Note that broad areas 
of transition between the zones are indicated. These re-
flect annual salinity variation. For cross reference the 
approximate corresponding reach numbers used in the water 
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The ecological zones of the Chesapeake Bay accordin~ 
to the Venice System. Cross-hatched areas are areas 
of transition between adjacent zones. 
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Table 1. The Venice System for classification.of brack-
ish waters and the approximately corresponding 
reach numbers of Chesapeake Bay model used in 
this study. 
Zones Saliniti ranges%, Reaches 
Limnetic 0.5 1-6 
(Tidal Freshwater) 
Oligohaline 0.5- 5 7-12 
Mesohaline 5-18 13-28 
Polyhaline 25-30 29-30 
Euhaline 30-40 -----
-18-
3. Biological Characteristics 
A. Phytoplankton 
Data regarding phytoplankton in Chesapeake Bay proper 
is relatively limited. Patten and his associates occupied 
three stations in the lower Bay during the period January 
1960 to January 1961 (Patten et al., 1963). ·They reported 
123 species of diatoms and 12 species of dinoflagellates in 
the net phytoplankton. In total phytoplankton samples col-
lected at the surface and examined live without concentrating 
the sample, 107 taxa were identified: 2 euglenoids, 8 chloro-
phytes, 33 dinoflagellates, 7 chrysophyceans, and 57 diatoms. 
Dominant species of diatoms with periods of dominance are 
given in Table 2, dominant species of all phytoplankton with 
periods of dominance in Table 3. The data for diatom domi-
nance in the two tables do not show good agreement. Most 
net diatom species were present virtually year round whereas 
other phytoplankters often were clearly seasonal. The 
cryptophyte, Chilomonas sp. was dominant in the total phy-
toplankton samples and Cryptomonas sp. was always present 
and occasionally dominant. Some dinoflagellates were also 
occasionally dominant. 
In the lower Bay, diatoms dominated the phytoplankton 
in the winter, flagellates in the sununer and late autumn. 
Diversity indices, calculated for admittedly incomplete 
data, tended to be highest on the western side of the Bay 
(Patten et al. 1963). 
-19-
Table 2. Dominant diatoms (first to third most abundant) 
in lower Chesapeake Bay, by season (from Patten, 
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Table 3. Dominant phytoplankters (first to third most 
abundant) in total phytoplankton samples, by 
season (from Patten, Mulford & Warinner, 1963). 
Chlorophyta 





























Jan.-Feb., July, Sept. 
Patten et al. (1963) pointed out the numerical 
dominance of nannoplankton, which in their experience was 
100-1000 times the net plankton during most seasons. They 
postulated that nannoplankton would be responsible for most 
of the productivity as well. 
Numerical abundance of total phytoplankton was 
greatest on the western shore of the Bay near the mouth 
of the York River. The annual mean count for the York 
River mouth station was 2267 units/ml, and for the Bay 
mouth station, 1534 units/ml (chained diatoms were counted 
as units rather than enumerating each cell in a chain; 
expressed as cells/ml, values would be slightly higher). 
The highest total count was 6380 units/ml. 
Marshall (1966) has subsequently examined the surface 
phytoplankton from 16 stations located on a longitudinal 
transect of Chesapeake Bay from Bay mouth to the northern 
end. In summary, neritic diatoms dominated in the lower 
Bay, flagellates in the upper Bay, with a gradual transition 
in between. The dominant species in the lower Bay was 
Skeletonema costatum (0.95 x 106 cells/1). At the northern 
end of the Bay, Cryptomonas sp. dominated, constituting 95% 
of the flora at the three northernmost stations (1.08 x 106 
1.5 x 106 cells/1). 
In conjunction with his phytoplankton determinations, 
Patten (1961) also measured chlorophyll levels at each sta-
tion. Maximum levels were observed in April and May with a 
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secondary maximum in September and October corresponding to a 
smaller but discrete fall bloom. The annual average chloro-
phyll level decreased from 5.92).lg/1 along the western shore 
to 4.99)lg/1 at the Bay mouth. Thus, biomass, expressed as 
chlorophyll, shares the same trend in distribution as does 
number of cells/ml. The maximum spring chlorophyll level 
was 12. 5 JJ-g/1. Concentrations during bloom periods often 
exceeded twice the annual mean levels. 
More recent chlorophyll a data at a large number of 
stations in the lower Chesapeake Bay was collected by Zubkoff 
and Warinner (1974, Zubkoff, Grant, and Warinner, 1973. Max-
imum chlorophyll a levels were observed during March and May 
to Sept., minimum levels in November. Table 4 shows the 
mean annual surface chlorophyll a for seven sectors. Chlo-
rophyll a concentration increases with distance from the Bay 
entrance. There is a slight increase in concentration from 
east to west. Concentrations at all three river mouths 
included are higher than the western Bay shore. Values 
reported by Zubkoff et al.· (1973) are about twice those of 
Patten et al. (1963) collected 10 yr. earlier. Data collec-
ted prior to Hurricane Agnes are in essential agreement with 
earlier results of Patten (1961). Subsequent to Hurricane 
Agnes, the major chlorophyll peak has been observed in 
August, with the level at one station reaching 64.3pg/1, 
and 66% of the values at all stations between 8 and 28 pg/1. 
Surface chlorophyll a values in the oligohaline and 
lower mesohaline portions of the upper Bay show greater 
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Table 4. Mean annual surface chlorophy~l a 
(,ug/1) for 7 sectors of the lower 
Bay. 
n X 
Eastern Shore 34 11.83 
Central Bay 104 12.75 
Western Shore* 52 12.90 
Rappahannock Mouth 4 17.23 
York Mouth 41 15 .11 
James Mouth 10 13.03 
Bay Entrance 76 8.67 
* exclusive of river mouths 
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seasonal variation (maximum values: 50-60 p.g/1) and greater 
yearly averages than upper mesohaline areas (maximum values: 
20-30 JJ,g/1) (Flemer, 1970). A similar relationship between 
chlorophyll and salinity has been observed in tributary 
estuaries (Brehmer 1967, Whaley, Carpenter, and Baker, 
1966). Flemer (1970) observed little variation in chloro-
phyll levels on cross Bay transects in the narrow upper Bay. 
McCarthy et al. reported chlorophyll a values at 
five stations in the upper Bay sampled in June, 1972. 
Surface values decreased from 18.7 )lg/1 near Howell Point 
to 7.0 µg/1 near Calvert Cliffs and then increases to 17.5 
pg/1 south of the Potomac River mouth, which is comparable 
to values at this time along the western Bay shore in the 
lower Bay. These observations agree well with those of 
Flemer (1970). 
Van Valkanburg and Flemer (1974) reported chlorophyll 
a values near Calvert Cliffs from April 1972 to May 1973. 
They found peak levels in May, July to August, and February 
(at 1 m). Maximal levels were 20-50pg/l (excluding one 
value of 148.5µg/l) and less than 10 for most other sampling 
times. Most of the chlorophyll was contained in phytoplank-
ters passing through a lOp filter. 
Productivity measurements were made in situ by the 
light and dark bottle oxygen method at 2 stations in the 
lower Bay during the summer of 1961 (Patten, et al. 1962). 
During this period, net productivity (expressed as gcal/cm2/ 
day) was negative at 2, 6, and 10 feet ·on each sampling cruise. 
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In every case, net productivity integrated over depth for a 
twenty foot water column, was negative, ranging from -1.6 to 
-9.2 gcal/cm2/day. 
More recently, data on productivity potential (pro-
ductivity under defined incubator conditions) in the lower 
Chesapeake Bay was collected by Zubkoff et al. (1973) using 
the 14c method. These data have yet to be analyzed by 
Zubkoff et al. (1973). Arranging the data by Bay sector 
in the same way as for the chlorophyll data, it would appear 
that productivity is greater on the eastern side of the Bay 
(37 mgC/m3/hr) than the western side (31 mgC/m3/hr, excluding 
river mouths) and the Bay mouth (31 mgC/m3/hr) while the 
river mouths exhibit rather higher productivity, especially 
during the early summer months ( 45 mgC/m3/hr), perhaps 
reflecting nutrient run-off. 
Unpublished research by Larry Haas (VIMS, personal 
communication) reveals that 75-90% of the productivity at a 
station in the mouth of the York River is attributable to 
nannoplankters passing through a 15 p Nytex net. 
Productivity on a volume basis in the upper Bay is 
greater in the oligohaline, lower mesohaline zone with a 
yearly average of 27-33 mgC/m3/hr than the lower mesohaline 
(Flemer 1970). Large seasonal variation was observed. Total 
annual productivity, integrated for the enti~e euphotic zone 
is higher in the upper mesohaline region than the oligohaline 
region as a result of the greater depth of this zone in the 
upper mesohaline region. Lower mean productivity in the 
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upper Bay than the lower Bay may reflect the different 
methodologies used (Winkler 02 method, Flemer 1970; 14c-
method, Zubkoff et al. 1973) rather than real differences. 
McCarthy, et.al. (1974) sampling at a series of 
stations in the central Bay from Howells Point to the Bay 
mouth, have shown that productivity of the net plankton 
increase relative to that of the nannoplankton adjacent 
to the Susquehanna and Potomac rivers. The fraction passing 
through a 3Sp net is responsible for 89-90% of the total 
productivity on average. Actual total productivity values 
were not reported however. 
Van Valkenburg and Flemer (1974), sampling at a 
station near Cove Point, reported productivities somewhat 
higher than those found by Zubkoff et al. (1973) in the 
lower Bay. The peak production was in July and August 
rather than June and July. The nannoplankton (<10 p) was 
responsible for 75% (31.4-100%) of the productivity at this 
station. 
In sunnnary, the biomass of phytoplankton (expressed 
as chlorophyll a) is greatest in the oligohaline region. 
In the upper Bay, there is little or no cross-Bay variation 
in chlorophyll a levels. In the lower Bay (polyhaline 
region) a slight decrease in chlorophyll a levels is 
observed from west to east. On a volume basis, produc-
tivity is higher in, the nutrient-rich oligohaline region 
than the mesohaline region. Data for the upper and lower 
Bay are not considered comparable because of methodological 
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differences. Within the lower Bay, productivity seems to be 
greater in the mouths of major rivers than elsewhere reflec-
ting the role of nutrient run-off in regulating.productivity. 
Nannoplankton dominates the phytoplankton both with 





Zooplankton biomass for the Bay proper is extremely 
scant. Dr. George Grant of the Virginia Institute of Marine 
Science conducted. an extensive survey of zooplankton (~202 p.) 
in the lower Bay (south of 37°40'N) from August 1971 to July 
1973. The mean settled volume/m3 and mean dry weight for 
each month are shown in Fig. 10. Spatial variability within 
the study area was less than expected and less than the sea-
sonal variation. 
No comprehensive data on zooplankton biomass are 
available. 
(2) Composition 
The zooplankton of Chesapeake Bay is characterized 
by large seasonal changes. Winter-spring (January-June) 
assemblages are considerably different from summer-fall 
(J.uly-December) assemblages. Dominant zooplankters charac-
teristic of each estuarine zone -during each of the two 
seasons are given in Table 5. 
Copepods usually dominate the zooplankton both in 
terms of numbers and_ energy flow. The congeneric species 
pair Acartia tonsa and A. clausi are generally the dominants 
in brackish waters, the former during sunnner and fall and 
the latter during winter and spring. Cladocerans and roti-
fers may at times be numerically dominant. Jellyfish and 
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Average settled volume and total dry weight of zooplankton per cubic 
meter for polyhaiine Chesapeake Bay; 1971-1973 (Grant, unpublished) . 
.. 
..... .. ---............................ _ ...... --......................... , "· ····- . ....:...Ja. ...... . 
Table 5. Dominant zooplankters characteristic of estuarine 




Cyanea capillata (S) 
Mnemiopsis leidyi (Ct) 
Padon polyphemoides (Cl) 
Acartia clausi (Co) 
Temora longicornis (Co) 
Pseudocalanus sp. (Co) 
Aurelia aurita (S) 
Chrysaora guinguecirrha (S) 
Beroe ovata (Ct) 
Evadne tergestina (Cl) 
Acartia tonsa (Co) 
Pseudodiaptomus coronatus (Co) 
Paracalanus spp. (Co) 
Oithona spp. (Co) 
[Brachionus plicatus (R)]? 
Mesohaline Zone2 
Cyanea capillata (S) 
Mnemiopsis leidyi (Ct) 
Padon polyphemoides (Cl) 
Acartia clausi (Co) 
Acartia tonsa (Co) 
Aurelia aurita (S) 
Chrysaora guinguecirrha (S) 
Mnemiopsis leidyi (Ct) 
Padon polyphemoides (Cl) 
Acartia tonsa (Co) 
Oithona brevicornis (Co) 
Brachionus plicatus (R) 
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Table 5 (Continued) 
Winter-Spring Sunnner-Fall 
Oligohaline Zone3 
Cyanea capillata (S) 
Eurytemora affinis (Co) 
Chrysaora guinguecirrha (S) 
Acartia tonsa (Co) 
Eurytemora affinis (Co) 
Tidal Freshwater4 
Cyclops vernalis (Co) 
Mesocyclops edax (Co) 
Bosmina longirostris (Cl) 
Cyclops vernalis (Co) 
Mesocyclops edax (Co) 
Eurytemora affinis (Co) 
Diaphanosoma brachyuran (Cl) 
Bosmina longirostris (Cl) 
Sources: 1 G. Grant (unpublished); Burrell (1972) 








3 Lippson (1973), Burrell (1972) 







influence on the rest of the zooplankton. The ctenophore 
Mnemiopsis leidyi becomes abundant in late spring and early 
summer and virtually decimates the copepod populations in the 
polyhaline zone. Another ctenophore, Beroe ovata, becomes 
·abundant later in the sunnner and preys heavily on Mnemiopsis, 
allowing a resurgence of copepods (mainly Acartia tonsa) in 
late sunnner. 
Meroplanktonic larvae of benthic species may be 
abundant during various times of the year. Polychaete and 
barnacle larvae may be abundant in brackish reaches through-
out the year. 
(3) Effects of man 
No direct evidence exists of deleterious effects of 
man's activities on zooplankton in open Bay waters. Mor-
talities of zooplankton due to entrainment in power plant 
cooling waters have been indicated (Heinle 1969; Diaz 1973; 
D~vies and Jensen 1974). These may be attributable to toxic 
effects of free chlorine released as a condenser biocide as 
well as to heat shock. Entrainment related mortalities of. 
zooplankton populations of the Bay proper are probably in-
significant at this time. 
There is evidence that chlorine in the form of free 
chlorine and chloramines released principally from sewage 
treatment plants may be having deleterious effects on zoo-
plankton. Residual chlorine concentrations of less than 
0.005 ppm have proved lethal to oyster _and hard clam larvae 
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and Acartia tonsa (M. H. Roberts and R. J. Diaz, unpubl1shed 
data). Total chlorine concentrations often exceed these 




Benthic biomass ·data are available for several areas 
in the upper Bay. Pfitzenmeyer (1970) presents macrobenthic 
biomass values for the oligohaline sector above Baltimore. 
During the period of study average dry weight biomass in-
creased from 0.90 g/m2 in September 1966 to 6.42 g/m2 in 
December 1960 when a dense population of the bivalve Rangia 
cuneata had developed. Subsequent mortality of Rangia re-
duced the biomass to 1 to 2 g/m2. Pfitzenmeyer (1971) also 
reported extremely low benthic biomass from the polluted 
Baltimore Harbor. At those locations he deemed "polluted" 
the range was 0.01 - 0.75 g dry wt./m2 (mean 0.20 g/m2), at 
those termed "semi-polluted" 0.01 - 2.10 g/m2 (mean 1.05 
g/m2), at the "semi-healthy" stations of the outer harbor 
biomass ranged from 1.75 to 6.3 g/m2 (mean 3.16 g/m2). 
These figures were compared against controls in the Chester 
River where mean dry weight-biomass was 19.65 g/m2 • At a 
mesohaline location off Cove Point, Maryland, Hamilton and 
La Plante (1972) found that ash free dry weight biomass 
declined from an average of 70 to 15 g/m2 from spring 
through fall in the sand bottom community. Where the 
bivalve Gemma gemma was particularly dense biomass was 
100 - 200 g/m2. In the mud bottom community of deeper 
waters ash free dry weight biomass declined during that 
same period from an average of 14 to 4 g/m2. 
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Table 6 
ZONATION OF DOMINANT MACROBENTHOS IN THE POLYHALINE ZONE 
1eptosynapta tenuis (E) 
1emma gemma (BJ 
:iiipe'!isca verrilli (A) 
rephtts picta (P) 
:p1op anes bombyx (P) 
'ell1na agil1s' (B) 
1horonis psammophila (Ph) 
Jnpe!1sca vadorum (A) 
fephtys magellanica (P) 
:Iymenella torquata · (P) 
1urbon1lla 1.nterrupta (G) 
tacoma tenta (BJ 
'elosco!ex gabriellae (0) 
:er1antheops1s amer1cana (An) 
.cteoc1na canal1culata (G) 
~l1n1a IateraI1s (BJ 
leteromastus £1I1formis (P) 
:p1ochaetopterus oculatus (P) 
~seudeurythoe sp. (P) 
~dwards1a elegans (An) 
'arapr1onosp10 p1nnata (P) 
1horon1s mueller1 (Ph) 
:1gambra tentaculata (P) 
leph tys inc is a (P) 
.mpel 1.s ca abd1 ta (A) 
l1cropholis atra (E) 
~gyr1des l1micc5Ta (D) 
:1rr1£orm1a grandis (P) 
.sych1s elongata (P) 
- Amphipoda 
~n - Anthozoa 
I - Bivalvia 





1h - Phoronida 
Shallow ( ) Deep 
Medium Sand Fine Sand Muddy Sand Silt-Clay 
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- Table 7 
DOMINANT MACROBENTHOS OF THE MESOHALINE ZONE 
Species Largely Restricted to 
Sand Bottoms 
Gennna gemma (B) 
Mya arenaria (B) 
Cyathura polita (I) 
Leptocheirus plumulosus (A) 
Eurytopic Species More Connnon 
or More Abundant on Sand Bottoms 
Glycera dibranchiata (P) 
Edo'tea triloba (I) 
Heteromastus filiformis (P) 
Macoma mitchelli (B) 
Pseudeurythoe 1aucibranchiata (P) 
Eteone lactea P) 
Species Largely Restricted to 
Mud Bottoms 
Leucon americanus (C) 
Eurytopic Species More Connnon 
or More Abundant on Mud Bottoms 
Nereis succinea (P) 
Macoma balthica (B) 
Scoloplos fragilis (P) 
Very Ubiquitous Species 
Glycinde solitaria (P) 
Paraprionospio ainnata (P) 
Pectinaria goul ii (P) 
Peloscolex gabriellae (O) 
Peloscolex heterochaetus (O) 
Acteocina canaliculata (G) 
A - Amphipod 
B - Bivalvia 
C - Cumacea 
G - Gastropoda 
I - Isopoda 
0 - Oligochaeta 
P - Polychaeta 
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Table 8 . 
DOMINANT MACROBENTHOS OF THE OLIGOHALINE ZONE 
Rhynchocoela 























Table 9 . 
DOMINANT MACROBENTHOS IN TIDAL FRESH WATERS 
Polychaeta 
Scoiecolepides viridis (near brackish water) 
Oligochaeta 
Dero di,itata 







Corbicula manilensis (James River) 
Pisidium casertanum 











Few data exist on benthic biomass in the lower Bay 
and all of these are wet weight determinations. These data 
are quite variable both spatially and temporally and biomass 
may be quite high. 
(2) Composition 
Very little is known about the smaller metazoans and 
protists which comprise the meio- and microbenthos. However 
a reasonably comprehensive picture of the composition and 
distribution of the macrobenthos may be drawn based on at 
·least 31 studies conducted in the Bay system. Although many 
of these studies were carried out in tributary estuaries, 
the data generated can be extrapolated to the Bay proper, 
because the distributional patterns along the estuarine 
gradients of the subestuaries closely parallel those of 
the Bay. 
Tables 6 through 9 summarize the characteristic 
dominant macrobenthic organisms in the various estuarine 
zones. The distribution of benthic organisms strongly 
reflects patterns of sediment distribution, thus some 
indication of sedimentary zonation is also given in these 
summaries for the polyhaline and mesohaline zones. In 
oligohaline and fresh waters substrate relationships are 
apparently not as important. 
The macrobenthos is dominated in brackish water by 
diverse arrays of polychaetes, molluscs, and crustaceans, 
and in fresh water by oligochaetes and insect larvae. Other 
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groups such as echinoderms, phoronids and nemerteans may also 
be important. 
{3) Species Diversity 
The available data on species diversity of macro-
benthos are synthesized in Fig. 11. Species diversity is 
expressed in terms of the widely used index, Shannon's 
formula 
where pi is the proportion of the i th species in a col-
lection. Boesch (1972) previously described the general 
patterns of benthic diversity in the Bay area. This figure 
was prepared by incorporating much additional data. The 
envelope curve indicates "typical" diversity values expected 
within different salinity regimes and generally represent at 
least the range of the central half of the data points. 
Thus, points which fall outside of the envelope should not 
be considered, on that basis alone, unusual. 
The species diversity of macrobenthic animals in the 
Chesapeake Bay declines upestuary in a classic fashion 
(Boesch, 1972) with the major decline in the polyhaline-
mesohaline transition zone. Lowest diversity is found in 
the oligohaline zone but only slight increases of diversity 
are found in tidal freshwater benthos. 
Species diversity has been extensively used as an 
index of pollution, particularly in fresh waters. The 
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Figure 11. Range of "typical" values of the diversity index H' 
for macrobenthos in the Chesapeake Bay system. 
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benthic connnunities from the Hampton Roads area (polyhaline 
Bay conditions) and Baltimore Harbor (mesohaline Bay con-
ditions), based on the data of Boesch (1973, 1975) and 
Pfitzenmeyer (1972), respectively, are indicated. 
(4) Effects of Man 
The effects on benthos of the Bay system of thermal 
additions (Warinner and Brehmer, 1966), an oil spill 
(Bender, et al. 1974), various dredging activities (Wass, 
et al. 1967; Pfitzenmeyer, 1970; Duncan, 1974; Boesch and 
Rackley, 1974) and multi-source harbor pollution (Boesch, 
1972, 1973; Richardson 1971; Pfitzenmeyer, 1972) have been 
studied. In only one of these, that on thermal additions 
(Warriner and Brehmer, 1966), could effects be ascribed to 
a single point source discharge. In that case the extent 
of the dectable effect was· areally limited and confined to 
the warmer months of the year. 
The two largest areas in.which the benthos is dele-
teriously affected and in which point-source effluents are 
of major importance are the Hampton Roads area, principally 
the Elizabeth River, and Baltimore Harbor. Major contrib-
uting sources of pollutants in the Hampton Roads area are 
domestic waste disposal, chemical manufacturing, urban 
runoff and shipping. In addition to these, Baltimore 
Harbor receives wastes from other industrial sources, 
notably the steel industry. 
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in fishing effort. If one assumes that effort is reasonably 
uniform from year to year, these data can give some nebulous 
idea of long-term trends in abundance. These landing sta-
tistics are presently being compiled and analyzed to deter-
mine long-term trends. 
E. Fecal Pathogens 
The contamination of Bay waters with microorganisms 
of fecal origin has a considerable economic impact on the 
shellfish industry of the Chesapeake Bay. A large percentage 
of shellfish grounds or potential shellfish grounds in the 
smaller creeks and rivers on the Bay margin are under con-
demnation for direct harvesting of shellfish. Portions of 
the open Bay have been periodically under condemnation. The 
implementation of new bacteriological standards by the Food 
and Drug Administration may force even more extensive clo-
sures by the Virginia Department of Health and Maryland 
D~partment of Health and Mental Hygene. 
Both point-sources and non-point sou~ces _(agriculture, 
unsewered communities, and land runoff) contribute to often 
high coliform concentrations in Bay waters. The coliform 
data collected by the relevant state agencies often suffers 
from infrequency of collection and inconsistent methodology. 
Nonetheless, we are currently examining and analyzing the 
existing data in hopes of describing spatial and temporal 
trends. This will allow projections of the improvement in 
public health problems and resource losses, particularly 
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loss of shellfish grounds, under various levels of discharge 
elimination. 
1. Wildlife 
The status of wildlife populations, principally water-
fowl, in the Chesapeake Bay is currently being reviewed by 
Virginia Institute of Marine Science staff member Dr. Marvin 
L. Wass. His report is not yet ready for presentation. 
Suffice it to say that the Bay is a.waterfowl habitat of 
major importance and that there have been substantial long 
term changes in populations, but that these appear to be 
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II. Water Quality History - Dissolved Oxygen 
Figures 1 through 12 show the dissolved oxygen 
profiles along the axis of the Chesapeake Bay on a month-
to-month basis over a 12 month period. 
The dissolved oxygen concentration curves represent 
vertical averages at sampling stations and linear inter-
polations between the stations. The stations were located 
along the main channel at approximately 9, 26, 48, 67, 80, 
97, 108, 120, 127, 137, and 145 nautical miles from the Bay 
mouth. The vertical averages based on field data collected 
by the Chesapeake Bay Institute (Taylor and Cronin, 1974), 
were calculated by assuming linear variation in concentra-
tions between sampling _depths. 
The oxygen deficit station values represent the 
differences between saturation concentrations and actual 
concentrations. The curves of oxygen deficit as well as 
those of depth, again were constructed on the basis of 
linear interpolations between stations. 
The most significant factors affecting the vertical 
average oxygen deficits are probably reaeration rates, 
decay of waste loads (carbonaceous and nitrogenous bio-
chemical oxygen demand - CBOD and NBOD) and photosynthetic 
activity. The reaeration rate is calculated from the formula 
-52-
where Dc is the molecular diffusivity of oxygen in water, 
U and Hare the mean velocity and depth, respectively, 
and (k2) 20 is the reaeration coefficient coeffi9ient at 
20°c (O'Connor and Dobbins, 1956). 
Assuming the temperature, velocity, photosynthetic 
activity and BOD decay rates at each station are relatively 
uniform, we would expect the oxygen deficit to vary from 
station to station linearly with BOD concentrations and 
with the depth raised to the 3/2 power. A high correlation 
between the oxygen deficit and H312 would therefore suggest 
that the DO distribution is dominated by the depth of 
the channel rather than the localized point sources or 
photosynthetic activity. 
Table 1 shows the linear correlation coefficients 
associated with the dissolved oxygen deficits and H3/ 2 
values for the sampled stations for each set of data. The 
first coefficient given corresponds to the stations located 
from 10 to 120 nautical miles from the mouth. The sub-
script indicates the number of stations sampled. The 
second coefficient corresponds to all the stations sampled. 
For those months in which the water quality standard 
is violated - the high temperature, low flow summer season 
significant correlations are found for the entire Bay in 
every case but July {when a smaller number of stations 
-53-
was sampled). In earlier months the correlation is 
significant for the section of the Bay below the Balti-
more area but not above. These figures suggest .that the 
DO profile in the Bay proper below Baltimore is dominated 
by the water depth. In the Bay proper above Baltimore, 
the pollutant loading from the Susquehanna River, and 
perhaps the seasonal phytoplankton activities, are also 
significant contributing factors to the DO profile. 
Figures 1 to 12 show that, during most 
times of the year, there are DO minima at miles 80 and 120, 
where the depths are greatest. Examination of vertical 
DO distributions show that except in the winter months 
there are two distinct layers at most of the stations with 
depths greater than 10 meters. The DO concentrations 
decrease sharply below the depth of 10 meters. Due to the 
narrowness of the deep channel, the DO concentrations of 
the upper layer alone are more representative of cross-
sectional average DO values. These upper layer concentra-
tions are also shown in the figures. At no time did the 
data show an average DO concentration in the upper 4 
meters less than 5 mg/.ll. 
-54-
Table 1. Relationships Between Dissolved Oxygen 
Concentration Deficits and (Depth) 1 ·5 
Dates of Sampling Linear Correlation Coefficients 
** April 7-10, 1969 r8 = .858 rll 
* May 1-4, 1969 r8 = .762 rll 
* June 2-5, 1969 rs = .709 rll 
July 7-9, 1969 r6 = .695 rg 
* August 5-8, 1969 r8 = .802 rll 
* September 16-19, 1969 rs = .829 rll 
** October 6-9, 1969 rs = .864 rll 
November 10-13, 1969 r8 = .636 rll 
December 15-18, 1969 r8 = • 439 rll 
January 13-15, 1970 r8 = .614 
February 18-21, 1970 rs = .497 rlO 




Statistical significance at .05 level 
Statistical significance at .01 level 
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III. Water Quality History - Nutrients 
The most important nutrient parameters in the 
estuarine environment are nitrogen and phosphorus. These 
nutrients, along with carbon and hydrogen, are the major 
components of animal and plant protoplasm. Nitrogen and 
phosphorus are often limiting factors for plant growth 
and, when present in excess, can result in noxious algai 
blooms. 
The major features of the aquatic nitrogen cycle 
are presented in simplified-form in Figure 1. · Ammonia 
nitrogen (NH3) enters the estuarine environment in sewage 
effluents or agricultural runoff. Ammonia is also the 
major excretory and decomposition product derived from 
plants and animals. Ammonia can be transformed into organic 
nitrogen by aquatic plants or oxidized to nitrite-nitrogen 
(N02- N) by autotrophic bacteria (nitrosomonas). Nitrite 
nitrogen is rapidly oxidized into nitrate-nitrogen (N0 3- N) 
by nitrobacteria bacteria. Certain bacteria reduce nitrates 
to nitrites, and then reduce the nitrite to elemental 
nitrogen. Both nitrite and nitrate nitrogen are also 
carried into the estuary by wastewater and agricultural 
runoff. 
Nitrate-nitrogen, like ammonia, may be assimilated 
by phytoplankton and converted into organic nitrogen. 
Animals eating these plants utilize this organic nitrogen. 
Upon death plants and animals release organic nitrogen, which 
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Figure 1. Simplified nitrogen cycle. 
(From: Clark ana-·Jaworski, 1972). 
A simplified phosphorus cycle is presented in 
Figure 2. 
Poly - and pyrophosphate are easily converted 
~y hydrolysis to orthophosphate. Orthophosphate may be 
present in dissolved or particulate (sorbed to particles) 
form, but soluble orthophosphate can be assimilated and 
converted to organic phosphorus by phytoplankton. Soluble 
and particulate organic phosphorus are released during 
decomposition of dead organisms. Particulate fractions 
of both organic and inorganic phosphorus are lost from the 
system by deposition in bottom sediments. 
Total phosphorus (TP) and inorganic phosphorus 
(P.) concentrations are considered in this chapter, as well 
l. 
as concentrations of TKN (arrunonia and organic nitrogen), 
NH3 (ammonia), nitrites and nitrates (N02 + N0 3). 
Water flows from the Susquehanna, Potomac, and 
James River watersheds are the major sources of nutrients 
entering the Chesapeake Bay system. These three sources 
account for more than 80% of the freshwater inflow into 
the Bay, with the Susquehanna alone supplying more than 
50% of the total freshwater inflow. The contributions of 
nutrients from these three tributaries expressed as percen-
tage of total nontidal nutrient loading entering the Bay 
(including tidal tributaries) are shown in Table· 1. 
Nitrogen and phosphorus inputs to the Bay are 
presented graphically in Figures 3 and 4 respectively. 
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Figure 2. A simplified phosphorus cycle. (From: Clark and 
Jaworski, 1972). 
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Table 1. Tributary Nutrient Contributions (% of Total Load 






































Figure 3. Nitrogen input to Chesapeake Bay 
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Figure 4. Phosphorus input to Chesapeake Bay. 
(From: Guide and Vila, Jr., 1972}. 
proportional to the daily load carried by each tributary. 
A direct correlation between river discharge and 
nutrient loadings has been demonstrated (Clark,.et al., 1973). 
Regression analysis performed on 1969-1972 data relating 
Susquehanna River discharge to nutrient loads is presented 
in Table 2. River discharge has a greater influence on 
nutrient input to the Bay than the river nutrient concentra-
tion. For example, the Patuxent River has greater average 
nutrient concentrations than any of the other tributaries 
but contributes only a minor nutrient load to the Bay be-
cause of its low river discharge. 
The nutrient input to the Bay from the Susquehanna 
River at Conowingo, Maryland from June 1969 to August 1970 
is presented in Table 3. Daily and mean monthly river dis-
charges during this period as shown in Figure 5. Nutrient 
concentrations are shown in Figure 6. 
Figure 5. Susquehanna River Discharge at Conowingo, 
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Table 2. Susquehanna River Nutrient Loads by River 
Discharge. (From: Clark, et al., 1973) 
River Discharge TKN Inorganic N 
as N 




















Table 3. Nutrient Input to the Chesapeake Bay from the Susquehanna 
River at Conowingo, Maryland. (From Guide and Villa, Jr. 
1972). 
Date Total P Inorganic TKN N0 2 + N0 3 as N NH 3 as N as P p 
--------------------- X 1000 lb/day-----------------------------------
06/69 4.9 2.6 63 82 21 
07/69 3.6 2.0 51 61 17 
08/69 4.6 2.6 60 76 20 
09/69 1.3 0.7 25 23 9 
10/69 1.0 0.3 21 18 - 8 
J 11/69 7.2 3.9 81 114 26 
....J 
co 12/69 9.1 5.2 95 141 30 I 
01/70 4.9 2.6 62 79 21 
02/70 24.5 15.0 181 335 52 
03/70 17.0 10.1 141 242 42 
/----
04/70 57.4 38.8 319 723 86 
05/70 13.1 7.8 120 193 37 
06/70 5.5 2.9 66 87 22 
07/70 5.5 2.9 66 87 22 
08/70 2.3 1.3 38 42 14 
Avg. Mo. 10.8 6.5 93 153 29 
Avg. Mo. 
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Nutrient concentrations for Susquehanna River at Conowingo, 
Maryland (1969-1970). (From: Guide and Villa, Jr. 1972). 
II 
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The increase in total and inorganic phosphorus 
concentrations from November 1969 to May 1970 were due 
to the high river discharge during this period. Periods 
of higher than normal flow result in less water retention 
time in the impoundment, resulting in less biological 
uptake of phosphorus compounds or deposition into sediments. 
The average reservoir retention time during periods of 
high flow (October through May) is commonly less than 24 
hours {Whaley 1960). Average residence time during slower 
flow (June-September) is 2 to 6 days, depending on the 
magnitude of the minimal flow. 
Nitrite- and nitrate-nitrogen concentrations were 
directly related to water discharge, while total Kjeldahl-
nitrogen (TKN) is indirectly related to water discharge. 
High nitrite and nitrate concentrations during the winter 
months must result from land runoff, since nitrification 
of ammonia to nitrate does not occur at temperatures below 
10°c (Guide and Villa, Jr. 1972). During the summer 
months nitrite-nitrate concentrations decrease and TKN 
concentrations increase as algal cells convert nitrate 
to TKN. 
Relatively extensive nutrient data for the upper 
bay, from nautical mile 120 to the Susquehanna River are 
available for the period 1969-1971. Data for 1969 and 
1970 have been grouped within 2- to 5-mile segments of 
the bay (Table 4). In general, concentrations of TKN 
and N0 2 + N0 3 decreased with depth, inorganic P increased, 
-so-
Table 4. Average Nutrient Concentration in Bay (1969-1971) 
Date TKN N02 + N03 NE., Tot •. P Inorg. p 
,J 
Qll 3 N/ R.) (mg N/R.) (mg N/R.) (mg P04/.fl) (m.g PO 4/ R.) 
Bay Mile 120 - 125 
03-06-69 0.14 0.27 0.12 
05-22-69 0.48 0.38 0.07 
06-17-69 0.37 0.03 0.17 0.13 
07-07-69 0.37 0.01 0.24 0.22 0.06 
09-02-69 0.42 0.08 0.12 0.21 0.08 
12-09-69 0.58 0.30 0.30 0.12 0.12 
02-09-70 0.46 0.60 0.26 0. .13 0.11 
03-30-70 0.53 0.59 0.44 0.16 0.06 
05-19-70 0.55 0.45 0.19 0.22 0.04 
06-08-70 C.42 0.30 0.10 0.12 0.08 
07--06-70 0.53 0.08 0.16 0.17 0.08 
08-10-70 0.72 0.01 0.07 0.20 0.12 
10.-05-70 0.55 0.!5 0.18 C.22 0.24 
11-09-70 0.40 C.31 0.36 0.16 C.16 
(1969 data is reduced from Marks et al. 1969 b; 
1970 data is reduced from Marks et al. 1969 a.) 
Bay Mile 125 ... 13C 
03-06-69 0.21 0.32 0.12 
05-20-69 0.46 0.39 0.09 
06-18-69 0.48 0.07 0.28 0.. 15 
07-09-69 0.54 0.04 0.32 0.19 0.06 
-81-
Table 4. (Continued) 
Bay Mile 125 - 130 
Date TKN N02 + N03 NH3 Tot. p Inorg. p 
(mg N/i) (mg N/i) (mg N/i) (mg PO 4/ i ) (mg P04/i) 
09-03-69 0.54 0.08 0.10 0.21 0.09 
12-17-69 0.24 0.31 0.29 0.13 0.12 
02-18-70 0.48 0.48 0.24 0.17 0.14 
03-31-70 0.47 0.61 0.28 0.14 0.06 
05-19-70 0.53 0.42 0.18 0.12 0.03 
06-11-70 0.18 0.27 0.11 0.14 0.06 
07-07-70 0.53 0.04 0.24 0.19 0.11 
08-10-70 0.49 0.004 0.09 0.20 0.19 
10-06-70 0.58 0.26 0.59 0.29 0.17 
11-11-70 0.48 0.46 0.37 0.20 0.17 
12-02-70 0.64 0.42 0.20 0.15 0.12 
(1969 data is reduced from Marks et al. 1969 b;-
1970 data is reduced from Marks et al. 1970 a.) 
B~y Mile 130 - 135 
06-18-69 0.54 0.13 0.26 0.17 
07-09-69 0.59 0.06 0.28 0.22 .044 
09-03-69 0.83 0.08 0.28 0.25 .07 
05-20-70 0.53 0.57 0.38 0.18 0.06 
06-11-70 0.52 0.30 0.24 0.16 0.09 
07-07-70 0.72 0.09 0.07 0.19 0.08 
10-06-70 0.81 0.53 1.29 0.14 0.05 
11-11-70 0.56 0.55 0.58 0.17 0.10 
(1969 data reduced from Marks et al. 1969 b; 
1970 data reduced from Marks· et al. 1970 a.) 
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Table 4 • (Continued) 
Bay Mil~ 135 ..:. 140 
Date TKN N02 + N03 NH3 Tot. P Inorg. p 
(mg N R,) (mg N/R.) (mg N/9.,) (tng PO 4/ R. ) (mg P04/R.) 
06-24-69 0.73 0.14 0.03 0.18 0.02 
07-14-69 0.47 0.10 0.14 0.18 0.01 
09-08-69 0.61 0.03 0.09 0.24 0.02 
05~20-70 0.48 0.64 0.07 0.13 0.06 
06-15-70 0.44 0.37 0.05 0.11 0.10 
07-08-70 0.50 0.15 0.03 0.20 0.10 
11-12-70 0.36 0.41 0.32 0.13 0.12 
05-17-71 0.21 0.48 0.18 0.10 0.04 
06-21-71 0.73 0.12 0.04 0.16 0.04 
07-12-71 0.54 0.31 0.13 0.17 0.06 
08-17-71 0.55 0.03 0.06 0.19 0.08 
(data reduced from Marks et al. 1971 a) 
Bay Mile 140 - 143 
04-12-71 0.73 0.88 0.18 0.19 0.12 
06-22-71 0.58 0.10 0.04 0.10 0.05 
(from Marks et al. 1971 b) 
Bay ~1ile 143 - 145 
06-24-69 0.49 0.24 0.04 0.15· 0.03 
07-14-69 0.43 0.18 0.11 0.16 0.001 
09-08-69 0.63 0.10 0.10 0.18 0.003 
05-20-70 0.47 0.67 0.14 0.11 0.02 
06-15-70 0.43 0.44 0.001 0.5 0.10 
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Table 4 • (Continued) 
Bay Mile 143 - 145 
Date TKN N02 + N03 NH3 Tot. P Inorg. 
p 
(m.g N/R.) (mg N/R.) (mg N/R.) (in.g PO 4/ R.) (mg P04/R.) 
07-08-70 0.36 0.32 0.02 0.16 0.10 
11-12-70 0.44 0.52 0.14 0.15 0.09 
05-17-71 0.16 0.49 0.08 0.14 0.04 
05-19-71 0.10 0.60 0.03 0.13 0.03 
06-21-71 0.58 0.60 0.05 0.12 0.04 
07-12-71 0.70 0.42 0.05 0.18 0.06 
08-17-71 0.40 0.27 0.02 0.12 0.06 
(data reduced from Marks et al. 1971 a) 
Bay Mile 145 - 148 
06-24-69 0.49 0.29 0.01 0.15 0.01 
07-14-69 0.47 0.20 0.11 0.15 0.004 
09-08-69 0.63 0.13 0.13 0.00 o.o 
05-21-70 0.57 0.63 0.17 0.16 0.10 
06-15-70 0.44 0.49 0.05 0.04 0.08 
07-08-70 0.22 0.44 0.02 0.14 0.09 
11-12-70 0.48 0.41 0.34 0.18 0.08 
05-17-71 0.55 0.02 0.12 0.001 
06-21-71 0.63 0.61 0.04 0.14 0.04 
07-12-71 0.62 0.55 0.04 0.17 o.os 
08-17-71 o.so 0.41 0.02 0.14 0.06 
(Data reduced from Marks et al. 197i a) 
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Table 4. (Continued) 
Also Bay Mile 145 - 148 
Date TKN N02 + N03 NH3 Tot. p Inorg. p 
(m.g N/R.) (mg N/i) (mg N/R.) (IYJg P04/ i) (mg P04/i) 
06-24-69 0.32 0.26 0.06 0.14 0.01 
07-15-69 0.56 0.20 0.03 0.12 
07-21-69 0.04 0.10 0.18 no 
09-15-69 0.79 0.16 0.09 a.so 0.22 
03-09-70 0.45 1.46 0.15 0.14 0.08 
05-21-70 0.37 0.63 0.02 o.oa 0.07 
06-17-70 0.69 0.42 0.10 0.10 0.08 
07-15-70 0.36 0.78 0.10 0.13 0.08 
08-13-70 0.32 0.02 0.09 
04-12-71 0.03 1.40 0.10 0.14 0.07 
05-18-71 0.15 0.54 0.08 0.17 0.05 
06-15-71 0.74 0.59 0.10 0.18 0.07 
06-16-71 1 0.75 0.60 0.14 0.10 0.05 
06-29-71 1 0.51 0.66 0.02 0.16 0.03 
06-30-71 1 0.52 0.65 0.02 0.12 0.04 
08-·23-71 0.89 0.19 0.03 0.24 0.05 
(1969 data is reduced from Marks and Villa 1969; 
remainder is reduced from Marks et al. 1971 c) 
c1) Only surface values obtained 
Bay ~ile 150 - 153 
06-24-69 0.57 0.09 0.06 0.21 no 
07-15-69 0.84 0. 3 P. 0. 04 0.12 
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Table 4. (Continued) 
Bay Mile 150 - 153 
Date TKN N02 + N03 NH3 Tot •. P Inorg. p 
(Ir.g N/.ll.) (mg N/R.) (mg N/R.) (mg P04/.ll.) (mg P04/.ll.) 
09-15-69 0.64 0.14 0.01 0.18 .001 
03-09-70 0.72 1.38 0.12 0.11 0.06 
05-21-70 0.37 0.57 0.02 0.35 0.09 
06-17-70 0.56 0.36 0.10 0.13 0.06 
07-15-70 0.65 0.83 0.10 0.19 0.08 
08-13-70 0.20 0.02 0.15 
04-12-71 0.18 1.20 0.08 0.12 0.06 
05-18-71 0.40 0.65 0,.07 0.28 0.06 
06-16-71 1 0.70 0.70 0.08 0.17 0.04 
08-17-71 1 0.50 0.001 0.02 0.16 0.09 
00-24-71 0.90 0.03 0.05 0.23 0.03 
(1969 data is reduced from Marks and Villa 1969; remainder 
is reduced from Marks et al. 1971 c.) 
(1.) Only surface values obtained. 
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total P was variable, and NH 3 was distributed fairly 
evenly throughout the water column. Average values for 
TKN and ammonia for the upper Bay (from the mou~h of 
to 40 miles below the Susquehanna River) for 1968-1971 
are presented in Figure 7, for nitrate nitrogen in 
Figure 
Figure 
8, and for total and inorganic phosphorus in 
9. The spatial distribution of inorganic 
nitrogen (NH 3 + N0 3 ) and phosphate from eight to thirty 
eight miles below the Susquehanna River are shown in 
Figures 10 and 11 respectively. The following 
general facts are derived from these data. 
1) TKN ranged from a maximum 0.77 mg N/i to a 
minimum 0.20 mg N/i during the study period, with maximums 
in sunnner, minimums in winter. 
2) NH 3 ranged from 0.05 mg N/i to 0.37 mg N/i 
over the three years reported, with summer minimums, winter 
maximums. 
3) Nitrate nitrogen exhibited summer minimums of 
0.01 - 0.03 mg N/i, winter maximums from 0.38 - 0.72 mg N/i 
during the four years reported. 
4) No clearly defined increase in nitrogen con-
centration is evident from 1968 to 1971. 
5) Total phosphorus exceeded 0.2 mg Po4/t during 
late summer and fall of 1969, 70, and 71. Minimum con-
centrations during spring were 0.08-0.12 mg P04/t. 
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Figure 7. Ammonia and total Kjeldahl nitrogen concentrations 
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1968 1969 1970 1971 
Figure 8. Nitrate nitrogen concentrations of Upper 
Chesapeake Bay {Average Data). 
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Figure 9. Total phosphorus and inorganic phosphorus 
concentrations of Upper Chesapeake Bay. 
(From: Clark, et al., 1973). 
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Figure 10 .• Spatial inorganic nitrogen distribution of Upper Chesapeake Bay. 
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Figure 11. Spatial phosphorus distributions of Upper Chesapeake Bay. 
(From: Clark, et al., 1973). 
36 40 
6) Inorganic phosphorus concentrations ranged 
from 0.04-0.18 mg P04/t, with minima in spring, maxima 
in late sununer and fall. 
7) Both total and inorganic phosphorus con-
centrations increased steadily from 1969 to 1971. Further-
more values reported for total phosphorus in 1969 are 
higher than those reported in 1968. 
8) In the upper Bay, sununer concentrations of 
inorganic nitrogen decrease rapidly with movement down the 
Bay to a point 20 miles below the Susquehanna. Further 
downstream relatively little change in concentration is 
observed. 
9) In the upper Bay the phosphorus concentration 
changes very little with distance from the mouth of the 
Susquehanna. 
During the summer growing season nutrient concen-
trations in Baltimore Harbor's main channel are greater 
than those in adjacent areas of the Bay (miles 130-135). 
Average total inorganic nitrogen (Figure 12) and total 
phosphorus concentrations (Figure 13) across the mouth 
of the harbor are 0.04 mg/! or more higher than those in 
the adj acen.t Bay areas. Daily nutrient loading from the 
Baltimore metropolitan area has been reported as 40,000 
pounds of total phosphorus (as P0 4), 75,000 pounds total 
nitrogen, and 60,000 pounds of inorganic nitrogen (Clark, 
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Figure 12. Comparison of inorganic nitrogen concentrations 
in transects within Chesapeake Bay and transect 
across mouth of Baltimore Harbor. 
(From: Clark, et al., 1973). 
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Figure 13. Comparison of total phosphorus concentrations 
in transects within Chesapeake Bay and transect 
across mouth 01f Baltimore Harbor. 
(From Clark, et al., 1973). 
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Very little recent nutrient data has been 
obtained from the mid-Bay region. Data from near 
the Potomac River (Bay mile 65-70) and the Patuxent 
River (mile 80-85) are presented in Table 5. 
Information concerning nutrient conditions in 
the lower Bay are scattered. Zubkoff, et al., (1973) 
report data from June 1972 to August 1973 at a series of 
stations in the lower Bay south of latitude 37°40'N 
(river mile 52.5). The nutrient levels during this 
period were influenced by Hurricane Agnes, which struck 
the area in June, 1972, and, therefore, may not be typical. 
The lower Bay was divided into 8 subareas for the purpose 
of their study on the basis of water depth and location 
(Figure 14). Monthly averages for each subarea are 
shown in Tables 6 - 13). Nitrite-nitrogen values 
were generally low through the year. Nitrate-nitrogen 
levels in areas near the James River and just below the 
Po·tomac River were relatively high in June 1972, shortly 
after Hurricane Agnes, and fell only slightly during the 
remainder of the summer. Concentrations of nitrate-
nitrogen increased in late fall, to peaks in winter or 
early spring in all subareas, and then declined to low 
levels more typical of the lower Bay during the following 
summer. Phosphate-phosphorus concentrations were generally 
low throughout the study period. 
-96-
Table 5. Nutrient Concentrations in Bay 
Date TKN N02 + N03 NI-13 Tot. P 
Inorg. p 
(mg N/.0 (mg N/Q,) (mg N/t) (mg P04/t) (mg P04/t) 
Bay Mile 65 - 70 (Near Potomac River) 
07-19-69 0.73 0.07 .005 0.14 0.02 
03-25-70 0.42 0.28 0.14 0.04 0.001 
05-07--70 0.62 0.48 0.12 0.16 0.06 
05-20-70 0.57 0.26 0.02 C.14 0.03 
06-01-70 0.83 0.10 0.13 0.12 0.10 
06-16-70 0.77 0.01 0.05 0.25 0.08 
07-07-70 0.03 0.02 0.08 
07-28-70 1. 41 0.05 0.14 0.20 0.22 
11-18-70 0.42 0.21 0.10 0.18 0.08 
(1969 data from Marks et al. 1969 a; remainder from 
!1arks et al. 1970 b.) 
Bay Mile 80 - 85 (Near Patuxent River) 
06-04-73 0.51 0.17 0.20 0.06 0.002 
06-05-73 0.42 0.20 0.28 0.08 0.007 
06-06-73 0.47 0.16 0.28 0.08 0.02 
07-09-73 0.42 0.002 0.26 0.08 0.01 
07-11-73 0.56 0.001 0.41 0.16 0.02 
07-12-73 0. 58 0.001 0.44 0.14 0.01 
(From Pheiffer and Lovelace 1974) 
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Segmentation of lower· Chesape·ake Bay 
used for nutrient sampling. (From: 


















6. Nutrient Concentrations in Sub-area 
A of the Lower Chesapeake Bay. 
NO -N 2 NO -N 3 PO -P 4 
(µg N/R.) (pg N/R.) (µg P/R.) 
26.04 94.08 19.84 
6.16 34.72 15.19 
N.A. N.A. N.A. 
1. 68 3.78 3.41 
16.1 28.28 15.5 
6.72 22.12 13.33 
8.4 92.96 11.16 
8.82 96.88 9.92 
5.18 147.84 6.82 
4.9 136.92 6.51 
5.18 169.82 5.58 
1.96 5.04 5.89 
1. 54 2.8 9.61 
1.96 7.28 26.35 


















7. Nutrient Concentrations in Sub-area 
B of the Lower Chesapeake Bay 
N02-N N03-N PO -P 4 
(µg N/t) (µg N/R.) (µg P/R.) 
8.26 N.A. 14.26 
4.62 13.16 8.06 
4.2 3.36 11.16 
.56 2.66 7.13 
N.A. N.A. N.A. 
10.22 17.22 7.13 
12.74 63.98 5.27 
8.26 84.28 6.51 
4.06 152.6 7.44 
4. 34 162.96 4.34 
8.26 130.76 7.13 
3.22 5.74 6.82 
1.68 2.66 7.75 
2.10 7.84 24.18 


















8. Nutrient Concentrations in Sub-area 
C of the Lower Chesapeake Bay. 
NO -N 2 NO -N 3 PO -P 4 
(µg N/i} (µg N/i} (µg P/i} 
14.70 .28 9.61 
2.66 27.72 15.19 
2.1 6.72 9.61 
1.26 1.82 24.8 
24.92 27.72 5.58 
6.3 13.86 11.16 
13.30 73.78 5.27 
8.12 80.64 7.75 
4.34 129.64 7.13 
3.5 51.24 6.2 
4.06 143.78 6.82 
2.24 3.08 4.96 
1.54 3.08 6.51 
1.96 2. 94 17.98 


















9. Nutrient Concentrations in Sub-area 
D of the Lower Chesapeake Bay. 
NO -N 2 NO -N 3 PO -P 4 
(µg N/1) (µg N/1) (µg P/1) 
10.08 .84 6.51 
9.52 72.1 13. 33 . 
3.64 17.08 8.37 
7.42 6.44 8.06 
17.5 15.96 3.72 
15.96 35.98 9.61 
14.98 74.34 7.44 
11. 2 136.08 16.43 
4.2 216.72 6.2 
4.62 183.82 4. 34 
5.04 178.08 5.58 
3.78 15.68 3.41 
1. 4 4.2 7.75 
1. 96 3.22 17.98 


















10. Nutrient Concentrations in Sub-area 
E of the Lower Chesapeake Bay. 
NO -N 2 NO -N 3 PO -P 4 
(µg N/Jl) (µg N/Jl) (µg P/~) 
18.9 4.48 6.2 
8.68 96.32 12.4 
2.38 2.10 8.68 
.98 1.4 7.13 
14.28 15.~8 1.86 
11.48 39.48 8.68 
15.68 82.6 39.06 
10.64 117.74 13.95 
5.04 260.54 4.03 
4.76 209.02 3.41 
4.34 .203.84 4.96 
4.62 20.44 5.27 
1. 68 5.32 6.20 
1.82 2.38 13.02 


















11. Nutrient Concentrations in Sub-area 
F of the Lower Chesapeake Bay. 
NO -N 2 N0 3-N PO -P 4 
(µg N/R.) (1-1g N/R.) (µg P/R.) 
12.04 14.70 10. 54: 
3.78 48.02 14.26 
2.38 17.78 8.99 
1. 68 7.84 8.99 
3.22 1.55 
7.14 26.04 6.51 
15.12 90.72 5.89 
10.22 132.72 4.96 
5.04 137.76 4.96 
5.46 195.16 13.02 
5.04 198.66 4.96 
5.46 15.40 6.2 
1.40 1.54 7.75 
2.10 1.96 16.74 


















12. Nutrient Concentrations in Sub-area 
G of the Lower Chesapeake Bay. 
NO -N 2 N0 3-N PO -P 4 
(µg N/R.) (µg N/R.) (µg P/R.) 
9.52 193.62 25.11 
4.34 49.42 8.68 
o.o • 70 8.99 
15.82 6.44 2.48 
16.66 141.54 .62 
11.06 242. 76 ·. 4.03 
5.88 329.42 3.72 
5.88 215.6 5.58 
8.54 159.18 3.41 
1.68 8.12 4.96 


















13. Nutrient Concentrations in Sub-area 
Hof the Lower Chesapeake Bay. 
NO -N 2 N0 3-N PO -P 4 
(µg N/R.) (µg N/R.) (µg P/R.l 
3.08 53.62 19.84 
6.44 45.78 9.92 
.28 1.96 7.44 
11. 48 10.36 3.10 
14.14 71. 54 .93 
10.5 146.16 4.34 
6.02 205.94 3.41 
5.88 198.94 5.89 
5.6 213.64 5.27 
6.16 55.44 5.27 
1.26 2.66 6.51 
2.10 3.08 12.09 
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The accuracy of these values is open to question 
because the samples were preserved and stored for variable 
periods of time prior to analysis. The investigators 
believe that the data does indicate order of magnitude 
of concentrations correctly. 
Other sources of data are too scattered and 
incomplete to do more than confirm the general results 
of the above study and are hence not presented in detail. 
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IV. Water Quality Model - General Description, Calibration, 
and Verification 
A mathematical model of water quality will be 
used to project the water quality in the Chesapeake Bay. 
The model is a one-dimensional tidal-time model, which .has 
been successfully applied to the tidal portion of the James 
River (Fang et al. 1973). 
1. Basic Principle of the Model 
The model is based on the equation describing the 
mass-balance of a dissolved or suspended substance in a 
water body. To facilitate the numerical computation, the 
Bay is divided into a number of volume elements, called 
reaches, by a series of lateral transects perpendicular to 
its axis. The concentration of a substance is represented 
by an average value within the volume element. Changes in 
the amounts of a substance with respect to time in a particular 
reach may be due to: 
(1) advection and dispersion wpich physically 
transport materials into or out of the 
reach through the bounding transects, 
(2) biochemical decay or creation of the sub-
stance within the reach, 
(3) addition or removal of the substance due 
to external sources or sinks. 
These mechanisms may be expressed mathematically 
to formulate a mass-balance equation for substances such as 
sea salt, oxygen, biochemically degradable .material, or any 
form of nutrients. 
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Considering the mth reach of the Bay bounded by 
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the time rate of change of the total amount of a particular 






- (EAac> + so ax m m 
time, 
+ (EA ac > ax 
the distance along the Bay axis, 
m+l 
the volume average concentration of the 
mth reach, 
the volume of the mth reach, 
the flow rate of water through the mth 
transect, 
= the concentration of the water, flowing 
through the mth transect, 
(1) 
dispersion coefficient at the mth transect, 
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~=the cross-sectional area of the mth transect, 
som = external sources or sinks. 
Of the terms on the right hand side of the equat~on (1), 
the first two represent advective transport, the next ~wo 
represent dispersive transport, the last represents the 
internal decay and creation, plus the external addition and 
removal of which the mathematical expressions are different 
for different substances. 
The time rate of change of water volume may be 
expressed as 
(2) 
where Q Jl = Qt + Qsew' and 
Qt= discharge f~om tributaries, 
Osew = discharge from human activities such as sewage 
flow. 
Substituting equation (2) into equation (1) and 
dividing the resulting equation by Vm, it is obtained 






+ 1:._ (EA ac> LcEAac> 1 (SO - QJlCm) +-V ax m+l vrn ax rn vm m m 
2. Finite Difference Approximation in Time Domain 
With proper initial and bounda~y conditions, 
equation (3) may be integrated with respect to time to 
obtain the temporal variations of concentration within each 
reach of the Bay proper. To solve the equation with a 
digital computer, it is integrated numerically over successive 
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finite time intervals. At each integration step over a time 
increment, the various parameters, such as flow rates, 
dispersion coefficients, etc., should assume representative 
values during this particular time interval. An implic~t 
scheme is used to formulate the finite difference equation, 
i.e., the concentration at the end of the time step as well 
as that at the beginning of the time step is used to express 
the right hand side of equation (3). 
Equation (3) is approximated by the following 
finite difference form, 
C' m - C m = flt 
1 Q' Qm m (C*' - C'} (C* - C )} 2 {~ + vm m m m m m 
1 Qm~l Qm+l 
- 2 {vr- (C*' - C'} + -v-<cm+l-m+l m m m 
V' I 
m 
E'A' _ ( mm 
V' m 
C' - C ' EA m m-1 ~m m 
/lx + L\x 1 + vm m m-
+ 1 vm (Som - QiCm) 
Cm}} 
cm+l - cm 
L\xm + llxm+l 
(4) 
where flt is the time increment. The primed and unprimed variables 
designate the parameters evaluated at the end and beginning of 
time interval respectively, and the over bar represents the 
average value over the time interval. 
The concentration, c;, of the water flowing through 
the mth transect is calculated as a weighted average of the 
concentrations in the adjacent reaches, Cm-land Cm. Thus 
c; = a cm-l + (1-a)Cm (5) 
C*' = a'C' + (1-a'}C' (6) m m-1 m 
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where the weighting factors a and a' depend on the direction 
of flow through the transect, 
0.5 <a< 
0 ~ Cl~ 
1 
0.5 
if Om> O 
if Om< O 
and 
0.5 < a' < 
0 < a' < 
1 
0.5 
if Q' > 0 m 
if Q ' < 0 m 
Similarly, 
cmt1 = a2Cm+l+ (1-a2) cm 
C*' m+l = a' C ·' + 2 m+l (1-a' )C' 2 m 
and 
0.5 < a2 < 1 if 0m+l< 0 - -
0 < (l2 < 0.5 if 0m+1?.. 0 -
0.5 < a' < 1 if Q' < 0 - 2 - m+l 
0 < 0, I < 0.5 if Q~+1?.. 0 - 2 -
Substituting equations ( 5) , ( 6) , (7) and 
into equation ( 4) , it is obtained that 
'1t Q~' Qm 
C' - C = ~ {V' a(C~-l- C~) +V a(Cm-1- Cm)} ... m m 
m m 
8t Q~+l ' 0m+l r{vw- a2(C~+l- CI) + V-- a.2 (Cm+l m m m 
E~+lA~+l '1t + (C~+l- CI) V' /1x + 8~m+l m m m 
Em+1·Am+l '1t + . (Cm+l - Cm) vm 8Xm + 8Xm+l 
+ 
E' • A I m m 
V' m 










ADV = m r· vm 
At ACm+l 
ADV2 = m 2 vm 
At Em . A 
DIFm m = Ax + Ax l vm m m-
At Em+l . Am+l 
DIF2m = Axm + Axm+l vm 
Qm = ACm. um 
0m+l = ACm+l • um+l 
Um = advective velocity 
ACm = conveyancy cross-sectional area 
and similarly for the primed variables, equation (9) becomes 
where 
C' (1-a'U' • ADV2' + a'.P'.· 1' • ADV' + DIF' + DIF2m') m 2 m+l m ~~ m m 
= C' (-a'U' •ADV2' + DIF2m) + C' (a'U'• ADV' m+l 2 m+l m m-1 m m 
+ DIF~) + Cm(l+a 2um+l• ADV2m - aUm• ADVm 
- DIF2m - DIFm) + cm+1<-a2Um+1· ADV2m + 
DIF2m) + cm-l(aUm· ADVm + DIFm) 
At + V- (Som - OiCm) 
m 
Equation (10) is further simplified to 
(l+COEm)C~ = COE2m· c~+l + COElm· c~-1 
(10) 
(11) 
COEm = a'U~. ADV~ - a2U~+1· ADV2~ + DIF~ + DIF2~ 
COEl = a'U'• ADV'+ DIF' m m m m 
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= -
CONm = 1 - aUm· ADVm + a2um+1· ADV2m - DIFm - DIF2m 
CONlm = aUm• ADVm + DIFm 
CON2m =-a2um+l· ADV2m + DIF2m 
3. Application to Water Quality Parameters 
Equation (11) may be applied to any dissolved or 
suspended substance which is of interest in the problem of 
water quality. The following paragraphs describe the appli-
cation to some of the most important water quality parameters. 
A. Salinity, S 
where St and Ssew are salinities of tributary inflow and point 
source discharge respeqtively. Therefore: 
In a tidal estuary, the tributary inflow may be 
positive or negative, depending on the phase of tide, with an 
average value over tidal cycle Qf' the freshwater inflow of 
the tributary. Without the detailed information about the 
time variation of Qt over tidal cycle, the net effect of 
tributary inflow may be approximated as the dilution of salt 
water in the reach by the freshwater inflow Qf. Therefore, 
the last term of equation (11) becomes 
~t 
{- Qfsm + Qsew (Ssew - Sm)} 
~ 
and equation (11) becomes 









0 sew+ Qf. At) + {Sm(CONm - vm u sm+l· CON2m 
+ sm-1 CONlm + t:. Qsew. ssew)}/(1 + COEm) 
B. Substances with the First Order Decay 
e.g. CBOD = carbonaceous biochemical oxygen demand 
NBOD = nitrogenous biochemical oxygen demand 
som = - kc. CBODm. vm + CBODPm + CBODNPm 
+Qt• CBODt 
where kc is the decay rate, CBODPm and CBODNPm are the point 
source and non-point source respectively, and CBODt is the 
concentra~ion of tributary inflow. The net effect of tributary 
inflow resulting from the freshwater input may be estimated 
in the same way as the case of salinity, and thus, 
t: (SOm - Qt• CBODm) = - ~t kc (CBOD~ + CBODm) 
+ t: {(CBODPm + CBODNPm) + Qf(CBODBG - CBODm) 
where CBODBG is the concentration of CBOD in the·freshwater 
input. Thus, equation (11) becomes 
I 






l+COE +~t k m 2 C 
bm = 
COElm 
l+COE + ~t k m 2 C 
~t Qf + Qsew 
cm = {CBODm (CON - - k - ~t) m 2 C vm . 
+ CBODm+l • CON2m + CBODm-l • CONlm 
+ ~t • Qf • CBODBG + ~t (CBODP + CBODNP )}/ vm vm m m . 
( 1 + COEm + ~t k) 2 C 
C. Dissolved Oxygen, D.O. 
so = - k. CBOD. vm - k. NBOD. V + f. Ah. m cm n mm m 
where 
kn = decay rate of NBOD, 
f = oxygen exchange coefficient, 
Ahm = total surface area of the reach, 
DOS = saturated oxygen content, m 
BENm = benthic demand, 
PHOTO= net addition of oxygen due to photosynthesis 
and respiration, 
not = oxygen content of tributary inflow, 
DOsew = oxygen content of point source discharge. 
The net effect of tributary inflow resulting from 
the freshwater input may be estimated with the same way as 
salinity and, thus 
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Llt csom - Q • DOm) -k . Llt . CBOD - k • Llt . NBODm = vm R, C m n 
Llt Ah 
+r 
m {f(DOSm - DOm) + f' (DOS' - .DO I) } vm m . m 
where DOBGD is the DO content of freshwater inflow from tributary. 
Thus, equation (11) becomes 








1 + COEm + Llt k' 2 2 
Llt Qf + 0 sew 
cm = {DO (CON. - ~ k - . tit) m m 2 2 vm 
+ DOm+l . CON2m + DOm-1· CONlm 
+ 8t (Qf . DOBGD + Qsew· DOsew> vm 
kc . 8t . CBODm ~ km . 8t . NBODm 
+ Llt k . DOSm + Llt k' . DOS' 2 2 2 2 m 
8t . BEN + Llt. PHOTOm}/(l+COEm + fit k' ) 2 m vm 2 2 
k2 
f . Ahm' the reaeration coefficient. = vm 
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4. Method of Solution 
Because of advective and dispersiv~ transport across 
the transects bounding each end of a particular r~ach of the 
estuary, the concentration of a substance in one reach will 
depend on the concentrations in two adjacent reaches. This 
interdependence of concentrations at neighboring reaches is 
manifested in equation (12), (13), or (14). Therefore, the 
equation cannot be solved for the concentration at the mth 
reach by itself. Equations must be written for every reach 
of the estuary and solved for the concentrations in every 
reach simultaneously. 
Suppose that the total length of the estuary to be 
modeled is divided into N reaches. {N-2) equations will be 
obtained by writing equation (12), (13), or {14) form= ML+l 
tom= MU-1, where the MLth and MUth reaches are the most 
upstream and downstream ones, respectively. Since there are 
{N-2) equations for N unknowns, two boundary conditions must 
be ~pecified. The principal operation of numerical computa-
tions in the model is then to compute the concentrations in 
each reach at time t
0 
+ ~t with a given initial concentration 
field at time t
0 
and appropriate boundary conditions. The 
computed concentration field at t
0 
+~twill then be used as 
the initial condition to compute the concentration field at 
time t
0 
+ 2~t, and so forth. Each computation cycle will 
advance the time by the increment of ~t. Within each 
computation cycle, the (N-2) simultaneous equations are solved 
by an elimination method. 
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Taking the equation for salinity as an example, 
SM!,+l may be expressed in terms of SMI,+2 through equation 
(12) with m = ML+l, and boundary condition SML given, 
i.e. 
(15) 
where the only unknown on the right hand side of the equation 
is SML+2 • Equation (15) may, in turn, be substituted back 
into equation (12) with m = ML+2, and thus one arrives 
at an expression for SML+2 in terms of SML+J· In general, 
there exists the following relation 
where the recursion coefficients Pm and Om may be calculated 
from the upstream boundary condition SML. 
With subscript m-1, equation (16) becomes 
S' = P S' + 0 m-1 m-1 m m-1 
Substituting this expression for s;_1 in equation (12), 
it becomes 
or 
s~ = l - b. P 1 s~+l + m m-
(17) 




m = 1 - b • p m-1 m 
} (18) 
b • 0 1 + cm 
om 
m m-= 1 - b • p m m-1 
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Since SML is a known quantity, the comparison between equation 
(15) and (16) with m = ML+l gives 
PML+l = aML+l 
OML+l = bML+l· SML + cML+l 
and thus 
P?-1L = O, OML = SML 
In summary, the recursion coefficients and equation 
are 
PML = o, OML = S' ML 
Pm 
am = 1 - b . p m m-1 
} (18) 
cm + b • 0m-l 
om 
m = 1 - b • p m-1 m 
and 
(16) 
with m = ML+l, ML+2, ---, MU-1. 
Then, the order of numerical computations is 
(1) calculate the recursion coefficients by applying equations 
(18) repeatedly with m = ML+l, ML+2, , MU-1, and 
(2) with SMU given as the downstream boundary condition, the 
salinity of the interior reaches is calculated by applying 
equation (16) repeatedly with m = MU-1, MU-2, , ML+l 
5. Evaluation of Parameters 
A. Velocity U: In an estuary, the current velocity 
may be divided into two parts, 
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(19) 
where UF is the non-tidal component generated by freshwater 
discharge and Ut is the oscillating tidal component. In this 
model, the tidal current is approximated by a sinusoidal 
function of time with period T and phase$ 
Utm(t) = UT sin{ 2~ t + $} m T m (20) 
where UT is the amplitude. UTm and $mare obtained from 
tidal prism and phase data compiled by Cronin (1971). The 
non-tidal component UF is calculated by the equation 
Qm 
UF = m ACm (21) 
where Qm is the freshwater discharge from a drainage area 
upstream of the mth transect: Qm is estimated from the record 
of a stream gauge station located upstream of the tidal 
limit, with freshwater discharge assumed to be proportional 
to drainage area. 
B .. Dispersion Coefficient E: The dominant mechanism 
of longitudinal dispersion is the interaction between turbulent 
diffusion and shearing current. Taylor's (1954) formulation 
of one-dimensional dispersion has been successfully modified 
and extended to homogeneous estuaries (Holley, et.al., 1970; 
Harleman, 1971). The dispersion coefficient in the freshwater 
portion of a tidal estuary may be expressed as 
(22) 
where n is Manning's friction coefficient, lul is the absolute 
value of velocity, R is hydraulic radius; and vis a constant 
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on the order of 100. It is known that the presence of density 
stratification due to salinity intrusion enhances the vertical 
shear while suppressing the turbulence, and therefore, increases 
the dispersion coefficient. Equation (22) is modified to 
E = vnfufR516 c1 + v'S) + v" ~! (23) 
where v' and v" are constants, Sis the salinity and 
as 
ax is the salinity gradient. v' and v" are determined 
by the model calibration, i.e. adjusting v' and v" until 
the model results agree satisfactorily with the salinity 
distribution measured in the field. 
C. Reaeration Coefficient k2 : O'Connor and Dobbins 
(1956) pre·sented a theoretical derivation of the reaeration 
coefficient, in which fundamental turbulence parameters were 




where Dc is the molecular diffusivity of oxygen in water, 
u and Hare the cross-sectional mean velocity and depth 
respectively, and (k2) is the reaeration coefficient at 20 
20°c. This formula has been shown to give a satisfactory 
estimate of k 2 for a reach of river with cross-sectional mean 
depth and velocity more or less uniform throughout the 
reach. In case the cross-section varies appreciably within a 
single reach, there is no reason to expect a satisfactory 
estimate from the formula by using the values of U and Hat 
the two bounding transects of the reach. Therefore, equation 
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(24) is modified as stated in the following paragraph. 
Assuming that the O'Connor and Dobbins formula 
is valid locally then 
(25) 
where f is the exchange coefficient, i.e., the exchange 
rate of oxygen through unit water surface area, u is the local 
depth-mean velocity and his local depth. M, the exchange 
rate of oxygen through the water surface over an entire reach 
is 
M =ff (DOS - DO)dAh (26) 
Ah 
where Ah is the total surface area over a reach. By defin-
ition of k 2 , 
M =. (k2) V(DOS - DO) (27) 
· 20 
thus, D 1/2 ul/2 1/2 u Ah 
(k2) 
C I dAh DC 1/2<--> = hl/2 = 20 V Ah hl/2 V 
D 1/2 1/2 1 u (28) = <:r72> C h <h> 
where<> indicates the average over the surface area Ah, and 
<h> is the mean depth of the reach. Since the velocity data 
are available only at the end transects of a reach, no true 
ul/2 
< 112 > may be estimated. In this model, the average value h 
01;2 at the two end-transects is used. Hl/2 
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To adjust k 2 for temperatures other than 20°c, 
Elmore and West's (1961) formula is used 
(29) 
where e is the water temperature in centigrade degrees. 
D. Photosynthesis and Respiration, PHOTO: The amount 
of oxygen produced by photosynthesis varies with the intensity 
of sunlight, the turbidity of water and the density of plant 
population. Moreover, the same plants extract oxygen from 
the water for respiration. This combined oxygen source and 
sink is assumed constant with respect to time. The magnitude 
is allowed to vary from reach to reach and an array is pro-
vided in the computer program for input data in mg/1/day. If 
more complete information is available, the time varying 
functional form of this oxygen source and sink may be specified. 
E. BOD Decay Rates: kc and kn 
The decay rates of CBOD (carbonaceous biochemical 
oxygen demand) and NBOD {nitrogenous biochemical oxygen demand) 
are to be determined by the model calibration, i.e., adjustment 
of decay rates until the model results agree satisfactorily 
with the CBOD and NBOD distribution measured in the field. 
The decay rates also. depend on water temperature; the following 
formula are used for this temperature dependence, 
k = (k) • l.047ce-20 > 
C C 20 
= (k) • 1.160< 0- 20 > 
n 20 
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F. Saturated Oxygen Content, DOS 
The saturation concentration of dissolved oxygen 
depends on temperature and salinity. From tables. of saturation 
concentration (Carritt and Green, 1967) a polynomial equation 
was determined by a least-squares method. 
DOS= 14.6244 - 0.3671340 + 0.00449729 2 
- o.o966S + o.002oses + o.0002739s 2 
where Sis salinity in parts per thousand and DOS is in 
mg/liter. 
5. Segmentation of the Bay 
The Bay is divided into 39 reaches. Except those 
reaches near the head of the Bay, the reaches are 5 nautical 
miles in length. Table 1 lists the reach numbers and 










































Table 1. Segmentation of the Bay 
Nautical Miles from Bay Mouth 
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6. Model Calibration 
The model was calibrated with salinity data collected 
by the Chesapeake Bay Institute of Johns Hopkins University 
(Seitz, 1971). The salinity distributions on three different 
days - April 11, 1968; October 24, 1968; November 21, 1968 -
representing three different freshwater flow conditions 
were used. 
Cross-sectional average salinities at sampling stations 
were calculated according to the following assumptions: 
1) Uniform cross-sectional width at all depths. 
2) Uniform lateral salinity distribution. 
3) The last depth sampled was the channel bottom. 
4) Linear variation in salinity between sampling 
depths. 
Freshwater flow at the upper end of the Bay (five 
nautical miles upstream from the mouth of the Susquehanna 
River) was estimated by averaging the daily discharges 
an Conowingo, Maryland for approximately 20 days preceding 
the day of interest. 
The Potomac and James Rivers freshwater in.puts were 
entered as point sources. Their magnitudes were estimated 
by· the average discharge at the fall line for the pre-
ceding 20 days, adjusted by the ratio of the total river 
drainage area to the drainage area above the fall line. 
Similarly, freshwater input to the Bay from all 
other run-off is calculated in the model relative to the 
Susquehanna discharge according to the ratio of drainage 
areas. . 
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. Calibration consisted of adjusting the empirical parameters 
AK and TK for the different flow conditions so that the 
resulting model salinity distribution closely resembled 
the distribution determined from the field data. The 
model relates AK and TK to the dispersion coefficient ac-




EK= (FC x (HlK)O.S
33 
x UEFK x (1 + AK x (SK+ SK+l))) + 
I (SK+l-SK) 





= dispersion coefficient at transect K 
= 77 x Manning friction coefficient 
= water depth of transect K 
= average speed of current determined by the 
freshwater and tidal velocities at a 
particular transect 
= the salinity in reach K 
= distance of midpoint of reach K from mouth 
SALK = salinity at transect K 
SALGK = salinity gradient at transect K 
Table ~~  shows the freshwater discharge levels used 
for different model runs and the corresponding AK and TK 
values. Figures ~~1--~~  show the model results compared 
to the field data. 
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Table 2 
Model Freshwater Flows (cfs) 
Date of Field SamEling James Potomac Susguehanna AK TK 
October 24, 1968 3080 2031 6945 3 0 
November 21, 1968 4616 6944 38739 5 0 
April 11, 1968 11050 22800 84300 20 15000 
· ...... . 
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Figure 
Nautical Miles From Bay Mouth 
1. Results of salinity calibration for Susquehanna River 
flow of 6945 cfs. (The field data are cross-sectional 
average values at slack before flood on October 24, 

















• Field Data 
Model Results 
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Figure 
Nautical Miles From Bay Mouth 
2. Results of salinity calibration for Susquehanna River flow 
of 38,739 cfs. (The field data are cross-sectional average 
values at slack before flood on November 21, 1968. The 
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Nautical Miles From Bay· Mouth 
3. Results of salinity calibration for Susquehanna River flow 
of 84,300 cfs. (The field data are cross-sectional average 
values at slack before flood on April 11, 1968. The model 
results are tidal minimum values). 
7. Verification with Salinity Distribution 
The salinity distribution predicted by the model for 









is presented in Figure 4. The values of AK and TK were 
derived from the calibration value. They were 4.5 for AK and 
0.0 for TK. 
The field data shown in the figure for comparison are 
based on samples taken over a 4 - day period and recorded 
in the data bank of the Chesapeake Bay Institute, Johns 
Hopkins University. The sampling was done without regard to 
tidal phase. The cross-sectional average values were cal-
culated according to the following assumptions: 
1) Uniform cross-sectional width at all depths 
2) Uniform lateral salinity distribution 
3) Linear variation in salinity between sampling depths 
The preceding 20 day average freshwater flow rates, 










Since the Potomac and James discharge·s have little 
affect on the salinity distribution in the Bay, the disparity 
between the actual values and those used in the model run 
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10 20 30 50 60 7 0 90 100 110 120 130 140 
Nautical Miles From Bay Mouth 
4. Results of salinity verification for Susquehanna River flow 
of 25,100 cfs. (The field data are cross-sectional average 
values on December 8-11, 1969. The model results are 
tidal average values). 
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v. Water Quality Mode~ - Inputs 
1. Freshwater Flow Conditions 
The water quality model for the Chesapeake Bay requires 
the freshwater discharges from the Susquehanna, Potomac and 
James as input data. These three rivers contribute about 
83% of the total freshwater input to the Bay. The flows from 
other tributaries are estimated in the model by applying to 
the Susquehanna discharge the ratio of the tributary discharge 
area to the Susquehanna drainage. Therefore, in selecting 
the hydrologic conditions, the flow rates from the three 
major tributaries must be determined. 
A. 7 Day 10 Year Low Flow 
The data in Table III-2 of the first Interim Report 
(Page 20) were used. The flow rates estimated at the 
gauging stations were adjusted to the flow rates at the 
river mouths in proportion to drainage areas. 
B. Seasonal Flows for the Lower Quartile Year 
Figure III-2 of the first Interim Report (Page 18) 
shows that the monthly flow variation for the lower quartile 
year (1968) does not follow the monthly variation of the 23 
year average flow. The 23 year average flow reaches its 
maximum in early spring (March), then decreases monotonically 
and reaches its minimum in early fall (September). At the 
midpoints between times of maximum and minimum flows, the 
flows are roughly equal to the yearly average. The 1968 
hydrograph shows a dip in April and a peak in September; 
it further shows an unusual high flow in June. 
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Of the years ranked adjacent to the lower quartile 
year (1954 and 1964), it is concluded that the 1954 
hyd~ograph most resembles the 23-year average hydrograph 
in terms of seasonal variation. The 1954 monthly average 
flows from the Susquehanna, Potomac and James are provided 
in the following table. The four flow conditions selected 
to represent seasonal variation are underlined. 
A short table is provided summarizing the five 
freshwater flow.conditions with typical water temperatures 
of the seasons. The gauging records have been adjusted to 
the flow rates at the river mouths in proportion to drainage 
area. 
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Table 1. 1954 Hydrograph 
Potomac River James River 
Mouth of at at 
.Susquehanna Washington D. C. Richmond 
Jan. 15,200 4,110 5,993 
Feb. 46,400 4,540 · 5,282 
Mar. 70,300 19,570 12,839 
Apr. 57,200 8,560 7,439 
May 62,800 8,304 6;842 
June 25,100 5,813 3,186 
July 7,600 2,144 2,294 
Aug. 5,500 2,213 1,169 
Sept. 6,400 1,753 802 
Oct. 12,400 10,180 4,739 
Nov. 21,400 8,389 5,783 





Feb - Mar. 
May - June 
Aug - Sept 
Nov - Dec 
2. Seasonal Freshwater Discharges and Water 
Temperature Used for Model Simulation. 
Susquehanna River Potomac River James River Temperature 
cfs cfs cfs oc 
2,700 870 1020 27 
70,300 23,600 19,300 3 
25,100 7,000 4,800 18 
6,400 2,100 1,200 27 
38,600 13,300 12,500 10 
-143-
2. Coefficients in the Model Equations 
A. CBOD - NBOD - DO Simulation 
In addition to the physical transport by adv~ction 
and dispersion, the dissolved oxygen concentration may be 
affected by the oxidation of carbonaceous and nitrogenous 
components of biochemical degradable materials, by the 
uptake of benthal demands, by algal photosynthesis 
and respiration, and by reaeration. The decay rates of 
0.17/day and 0.084/day at 20°c (base e) were used for 
carbonaceous and nitrogenous BOD respectively. The 
following formulas were used for temperature correction 
(Clark and Jaworski, 1972): 
kc= (k) • l 047( 9- 20 > C 20 • 
where kc and kn are decay rates of carbonaceous and nitrog-
enous BOD respectively. e is temperature in centigrade. 
· No benthal oxygen demand data is available for the 
Chesapeake Bay proper. A value of 1.0 gms/m2-day at 20°c, 
typical value_ for estuaries, was assumed for reaches to the 
north of the Potomac River mouth (reaches 1 to 28) except 
reaches 13, 14 and 15. Reaches 13, 14 and 15 cover the 
15 nautical miles (27.8 km) segment around and to the south 
of Baltimore; a benthic demand of 2.0 gms/m2-day at 20°c 
was assumed for these three reaches. For reaches to the 
south of the Potomac River mouth, no benthal oxygen demand 
was assumed. 
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The temperature effect was approximated {Thomann, 1972) by 
B = {B) 20 • l.065(e-
2o) 
where Bis bental demand. While there are provisions 
in the model to handle the algal photosynthesi9 and res-
piration, their effect was assumed zero in all the 
simulation runs. 
B. Total - P and Total - N Simulation 
The distribution of total phosphorus and total 
nitrogen were simulated by the model with first order 
kinetics. Clark, et al. (1973) reported that the loss 
or uptake rate of total phosphorus in the upper Chesapeake 
Bay increased from 0.008/day to 0.015/day as the Susquehanna 
River flow increased from 10,000 cfs (283 ems) to 50,000 
cfs (1415 ems). These values were used to estimate the 
loss rates for other freshwater flow conditions. The 
values used are listed below: 












Clark, et al. (1973) also reported that the loss or 
uptake rate of total inorganic nitrogen was highly depend-
ent on the existing chlorophyll level. The reported 
low value, 0.01/day,was used for the loss rate of total 
nitrogen under all freshwater flow conditions • 
• r .• 
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3. Point Sources _Q_f _ Pollutants 
The point sources discharge inputs to the model fell 
into two. groups. The major tributaries of the Bay -
the Susquehanna, Potomac, and James Rivers - were consid-
ered point sources for the purposes of the model. In 
addition, all identifiable major (discharge~0.5MGD) point 
sources discharging into the Bay or one of its tributaries 
at distances less than 10 nautical miles from the Bay 
were included. There were 21* such sources which may be 
classified as follows: 





A ten nautical mile cut-off point was chosen since it was 
judged that the significance of loads traveling any further 
than this would be negligible due to decay of non-conservative 
substances and settling. This involved elimination from 
consideration of only three dischargers within 35 nautical 
miles of the Bay whose design flows were greater than 1.5 



















* Two Virginia Municipal STP's will be phased out by 1977 
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No adjustment was made for distance of travel, however, 
for those sources falling within the ten nautical mile 
limit. Urban drainage, whether sewered or not, ·was 
included with non-point sources (see subsequent sections). 
No provision was made for·the irregular loadings associated 
with "combined sewers 11 ,since the water quality model deals 
only with steady-state conditions. 
The loadings from point sources were estimated for 
the present, 1977 and 1985 pollutant discharge rates. The 
present discharge rates were estimated from 1973 or 1974 
data, or from current discharge permits, whichever was 
available. The 1977 discharge rates were estimated from· 
NPDES permits or on the basis of secondary treatment of 
domestic sewage, if permits were not available. Complete 
elimination of point sources was assumed for the year of 
1985. The details are described in the following sections. 
Since the Bethlehem Steel Co. is the only signifi-
cant industrial point source and no NPDES permit beyond 
1977 is available at the present time, it is assumed that 
the projected pollutant discharge rate in 1983 will be the 
same as those of 1977. It is also·assumed that all the 
municipal sewage treatment plants will be on secondary 
treatment both in 1977 and 1983, therefore, no separate 
estimate of point source discharge rates was done for 
1983. 
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A. Major Tributaries 
(1) Susquehanna River 
The most upstream reach of the model i~ located at 
the head of tide in the Susquehanna River 5.8 miles (9.3.km) 
upstream from her mouth. The pollutant loadings from the 
Susquehanna River are specified in Tables 3 to 7 in terms of . 
freshwater discharge and pollutant concentrations, which 
serve as the boundary conditions of the mass balance equation. 
The concentrations of total phosphorus, total nitrogen and 
nitrogenous biochemical oxygen demand were calculated from 
the results of regression analysis by Clark, et al. (1974) 
about the pollutant loadings at Conowingo Dam, Maryland. 
The nitrogenous BOD loadings were calculated from TKN values 
by applying the 4.57 stoichiometric ratio of oxygen to 
ammonia nitrogen in the nitrification process. 
The projected pollutant loadings for 1977 and 1985 
cannot be assessed without a model of the lower Susquehanna 
River. Instead, the pollutant loadings resulting from 50%, 
70%, 90% and 100% point sources removal were used. These 
pollutant loadings are the result of interpolation or extra-
polation of the estimates by Clark, et al. (1974). 
No carbonaceous biochemical oxygen demand (CBOD) 
data collected at Conowingo Dam is available; the regression 
analysis of total organic carbon (TOC) by Guide and Villa 
(1972) was used to estimate CBOD. The CBOD concentration 
at each flow condition was obtained by multiplying TOC 
concentration by a constant factor, which was determined 
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by the ratio of CBOD to TOC at the head of tidal Potomac 
(Clark and Jaworski, 1972). The point source contribution 
to the CBOD loading from the Susquehanna to the Bay was 
assumed negligible, due to the decay and settlement behind 
the Conowingo Dam. Therefore, the projected loadings in 
1977 and 1985 were taken to be the same as present ones. 
Table 3. Pollutant Loadings from the Susquehanna 
River, river flow= 2700 cfs (76.5 ems) 
%, Point Source Total-P Total-N NBOD CBOD DO* 
Reduction mg/t mg/t mg/t mg/t mg/t 
0 0.034 1. 57 4.57 2.48 7.26 
50 0.017 1.39 2.94 2. 48 7.26 
70 0.010 1. 30 2.35 2.48 7.26 
90 0.003 1.23 1.84 2.48 7.26 
100 o.o 1.17 1.43 2.48 7.26 
* assume 90% of saturated oxygen concentration 
Table 4. Pollutant Loadings from the Susquehanna 
River, river flow= 6,400 cfs (181 ems) 
%, Point Source Total-P Total-N NBOD CBOD no··· 
Reduction mg/t mg/t mg/t mg/t mg/t 
0 0.041 1. 55 3.87 2.35 7.26 
50 0.025 1.41 2.68 2.35 7.26 
70 0.018 1. 34 2.24 2.35 7.26 
90 0.009 1.30 1.80 2.35 7.26 
100 0.006 1. 25 1.50 2.35 7.26 
Table 5 • Pollutant Loadings from the Susquehanna 
River, river flow= 25,100 cfs (710 ems) 
%, Point Source Total-P Total-N NBOD CBOD DO 
Reduction mg/t mg/t mg/t mg/t mg/t 
0 0.052 1.50 2.90 2.16 8.6 
so 0.041 1.40 2.27 2.16 8.6 
70 0.037 1.37 2.05 2.16 8.6 
90 0.032 1.35 1.75 2.16 8.6 
100 0.029 1.33 1.60 2.16 8.6 
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Table 6 • Pollutant Loadings from the Susquehanna 
River, river flow= 38,600 cfs (1090 ems) 
%, Point Source Total-P Total-N NBOD CBOD DO 
Reduction mg/R, mg/R, mg/R, mg/_R, mg/R. 
0 (present 
condition) 0.055 1.48 2.58 2.10 10.2 
50 0.046 1.45 2.15 2.10 10.2 
70 0.043 1.44 1.95 2.10 10.2 
90 0.040 1.42 1.75 2.10 10.2 
100 (1985 goal) 0.036 1.41 1.66 2.10 10.2 
Table 7 • Pollutant Loadings from the Susquehanna 
River, river flow= 70,300 cfs {1990 ems) 
%, Point Source Total-P Total-N NBOD CBOD DO 
Reduction mg/R, mg/R, mg/R, mg/R, mg/R. 
0 0.056 1.46 2.47 2.03 12.1 
50 0.051 1.44 2.28 2.03 12.1 
70 0.049 1.43 2.20 2.03 12.1 
90 0.046 1.43 2.10 2.03 12.1 
100 0.044 1.42 2.06 2.03 12.1 
{2) Potomac River 
The pollutant loadings from the Potomac River were 
estimated from the EPA STORET data of pollutant concentrations 










The pollutant loadings listed in Table 8 were obtained by 
multiplying the concentrations with freshwater discharges. 
Nearly all of the major point sources along the tidal 
Potomac are located in the Metropolitan Washington, which is 
about 110 miles (177 km) from the Bay. The results of the 
mathematical study by Clark, et al. (1972) indicates that 
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these point sources contribute little pollutant loadings 
to the Bay. Therefore, all the loadings were assumed to 
be originated from non-point sources, and the 1977 and 
1985 loadings are the same as those of 1973. 
Table 8 • Pollutant Loadings from the Potomac River 
River Flows Total-P Total-N NBOD CBOD DO* 
cfs lb/day lb/day lb/day lb/day mg/Jl. 
870 178 3,420 10,900 ·9 I 360 6.9 
2100 430 8,250 26,300 22,600 6.9 
7000 1430 27,500 87,800 75,300 8.2 
13300 2720 52,200 166,800 143,100 9.65 
23600 4820 92,700 296,000 254,000 11.5 
* assume 90% of saturated oxygen concentration 
(3) James River 
The present pollutant loadings from the James 
River were estimated from the field data of pollutant concen-
trations at the river mouth. Since the results of the 
regression analysis of the pollutant loadings from the 
Susquehanna River indicates that the pollutant concentrations 
vary little with freshwater flow, the reported data (Neilson, 
et.al. 1975) of pollutant concentrations at the James River 
mouth were applied to all freshwater conditions. The data 
reported are: 
CBOD: 2.0 mg/R, 
Total-IN:0.15 mg/! 
Total-P: 0.062 mg/! 
The present pollutant loadings under various flow 
conditions are listed in Tables 9 to 13 The value 
of inorganic nitrogen was used also for the total nitrogen 
and TKN. 
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To evaluate the projected future pollutant loadings, 
the origins of the present loadings at the river mouth have 
to be assessed. The major point sources dischar.ged into 
the tidal James are concentrated in three areas: Richmond, 
Hopewell and the Hampton Roads (including the Elizabeth 
River .system). The contribution of BOD, nitrogen and phos-
phorus to th~.,Bay by the point sources around Richmond and 
./ 
Hopewell areas are negligible because of their distances 
from·" .. tfi~ mouth. (Hopewell is about 75 miles {121 km} from 
the mouth, Richmond is about 100 miles {161 km} from the 
mouth). The major contribution of pollutants from the· 
James to the Bay is from the point sources.and non-point 
source of urban runoff on both sides of the Hampton Roads. 
The present total CBOD loadings from the point 
sources in the Hampton Roads average 129,000 lb/day, of 
which 90% is from the municipal sewage treatment plants. 
All of them are primary treatment plants with average Bqo5 
co~centration of 120 mg/1. Assuming all these plants will 
be up-graded from the primary treatment to the secondary 
treatment, the present and projected future pollutant dis-
charges, together with percentage reduction, from these 
point sources are listed in the following: 
Total-P Total-N NBOD CBOD 
present {lb/day) 7,540 25,000 114,000 129,000 
1977 (lb/day) 5,880 15,600 59,000 32,300 
% Reduction 22 38 48 75 
1985 (lb/day) 0 0 0 0 
% Reduction 100 100 100 100 
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Under the low flow conditions, it is expected that 
the pollutant loadings from non-point sources are negligible 
compared with those from point sources. Therefore, the 
above percentage reductions were applied to the freshwater 
flow conditions of 1020, ·1200, and 4800 cfs (29, 34 and 
136 ems), and the projected loadings are listed in Tables 
9, 10 and 11. Under the high flow conditions, ·it was 
assumed that 50% of pollutant loadings at the river mouth 
were contributed by point sources. The above percentage 
reductions were applied to 50% of the present loadings and 
the results were listed in Tables 12 and 13. In view of 
the insignificant effects of the pollutant loadings from 
the James River on the water quality of the Bay as pre-
dicted by the model, the above assumptions are justifiable 
without more elaborated delineation of point ana·non-point 
sources. 
Table 9 • Pollutant Loadings from the James River 
river flow= 1020 cfs (29 ems) 
* Total-P Total-N NBOD CBOD DO 
lb/day lb/day lb/day lb/day mg/i 
present 340 825 3770 11000 6.55 
1977 270 515 1950 2750 6.55 
1985 0 0 0 0 6.55 
* assume 90% of saturated oxygen concentration 
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Table 10 • Pollutant Loadings from the James River, 
river flow= 1200 cfs (34 ems) 
Total-P Total-N NBOD C~OD DO 
lb/day lb/day lb/day lb/day mg/R, 
present 400 970 4430 13000 6.55 
1977 310 605 2300 ··:· 3250 6.55 
1985 0 0 0 0 6.55 
Table 11 • Pollutant Loadings from the James River, 
river flow= 4800 cfs (136 ems) 
Total-P Total-N NBOD CBOD DO 
lb/day lb/day lb/day lb/day mg/R, 
present 
loadings 1600 3880 17700 51600 7.76 
1977 
loadings 1300 2400 9200 12900 7.76 
1985 
loadings 0 0 0 0 7.76 
Table 12 . Pollutant Loadings from the James River, 
river flow= 12500 cfs (354 ems) 
Total-P Total-N NBOD CBOD DO 
lb/day lb/day lb/day lb/day mg/R, 
pi;esent 
loadings 4170 10900 49800 134500 9.1 
1977 
loadings 3711 8800 37800 94000 9.1 
1985 
loadings 2080 5450 24900 67250 9.1 
Table 13 • Pollutant Loadings from the James River, 
river-flow= 19300 cfs (54 7 ems) 
Total-P Total-N- NBOD CBOD DO 
lb/day lb/day lb/day lb/day mg/t 
present 
loadings 6440 15800 72200 208000 10.8 
1977 
loadings 5700 12800 55000 130000 10.0 
1985 
loadings 3220 7900 36100 10400 10.8 
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B. Other Point Sources 
The information in Tables 14 and 15 was compiled in 
the following manner: 
(1) Ultimate Carbonaceous Oxygen Demand {CBOD) 
BOD5 mass emission rates used to calculate CBOD rates 
in Table 14 were obtained, where possible (exceptions noted 
below), from National Pollution Discharge Elimination 
System {NPDES) permit limitations covering the 1974 period. 
(In Maryland these figures are maximum weekly averages; in 
Virginia maximum daily averages). These maximum limits may 
overestimate (or possibly underestimate) actual loads. Over-
flow discharges noted on certain permits (i.e. Havre deGrace, 
Back River), however, were not included since they are 
necessarily intermittent. 
Exceptions 
a) Federal facilities {Bainbridge NTC, Edgewood 
Arsenal, and Naval Mine Depot) were assumed to be meeting 
the 1977 standards of secondary treatment {concentration 
of BOD 5 = 30 mg/i) in 1974. The mass emission rates were 
calculated based on this figure and the design flow rates. 
Since all except Edgewood Arsenal are rather small, this 
is probably not critical. 
b) Aberdeen STP was assumed to be meeting 1977 
standards of secondary treatment in 1974. This is reason-
able based on actual recorded effluent concentrations. The 
mass emmision rate was calculated based on this figure and 
the design flow rate. 
c) Effluent from Bethlehem Steel at Sparrows Point 
was assumed to have the same BOD5 concentration as that 
from the Back River STP, the source of their water. That 
Table 14. Estimated Chesapeake Bay Point Source Average Mass 
Emission Rates for 1974 
(lbs/day) 
Model Flow Rate N02No3-N Reach II Source (MGD) CBOD TKN NBOD TN TP 
2 Bainbridge NTC .7 263 105 480 22 127 19 
5 Havre de Grace 1.5 2664 434 1983 0 434 81 
6 Perryville LO 410 290 1325 0 290 36 
7 Aberdeen 1.13 425 170 777 35 205 49 
9 Sod Run 4.0 2250 1158 5292 0 1158 33 
10 Edgewood Arsenal 3.0 1125 451 1061 93 544 205 
11 Joppatown 0.75 375 113 516 23 136 71 
12 Back River 65.0 52041 18822 86017 0 18822 5695 
13 Cox Creek 8.5 4785 2461 11247 0 2461 518 
I ...., Patapsco 
VI 
18.0 76560 5212 23819.. 0 5212 1577 
CJ\ Bethlehem Steel 120.0 96077 62226 284373 0 62226 10515 I 
15 Annapolis 6.0 10125 1737 7938 0 1737 190 
24 Pine Hill Run 3.0 1703 869 3971 0 869 263 
29 Standard Products 4.4 9428 0 0 0 0 0 
Haynie Products 8.64 14931 0 0 0 0 0 
36 American Oil 5259 1314 6005 0 1314 0 
(Yorktown) 
Vepco (Yorktown) 0 0 0 0 0 0 
Naval Mine Depot 0.52 126 78 357 22 100 36 
39 Birchwood Gardens 0.8 218 120 548 25 145 55 
HRSD- Oceana o.s 609 145 663 0 145 44 
HRSD- Chesapeake 13.0 ·. 6509 3764 17201 0 3764 1139 
Elizabeth 
Table 15. Estimated Chesapeake Bay Point Source Average Mass 
Emission Rates for 1977 
(lbs/day) 
Model Flow Rate N02No3-N Reach fl Source (MGD) CBOD· TKN NBOD TN TP 
2 Bainbridge NTC 0.1 263 105 480 22 127 19 
5 Havre de Grace 5.0 1877 751 3432 154 905 25 
6 Perryville 1.5 282 57 260 0 57 6 
7 Aberdeen 1.13 425 170 777 35 205 49 
9 Sod Run 4.0 375 601 2747 124 725 Nov-Mar: 100, Mar-Nov: 17 
10 Edgewood Arsenal 3.0 750 451 2061 93 544 205 
11 Joppatown 0.75 375 113 516 23 136 71 
12 Back River 65.0 20630 9762 44612 2007 11769 4448 
I 
I-' 13 Cox Creek 15.0 5630 2253 10296 463 - 1716 914 U1 
....J 
I Patapsco 42.0 15772 6309 28832 1297 7606 2874 
Bethlehem Steel 120.0 45036 22818 104278 3705 26523 8211 
15 Annapolis 10.0 . 3753 1502 6864 309 1811 317 
24 Pine Hill Run 3.0 1125 451 2061 93 544 205 
29 Standard Products 4.4 8610 0 0 0 0 0 
Haynie Products 8.64 13335 0 0 0 0 0 
36 American Oil 513 190 868 0 190 0 
(Yorktown) 
Vepco (Yorktown) 0 0 0 0 0 0 
Naval Mine Depot .52 126 78 357 22 100 36 
39 HRSD - Chesapeake 13,0 4883 1953 8925 401 2354 890 
Elizabeth 
is, it was assumed that Bethlehem Steel's activities add 
no BOD5 to the water. Further, the·diversion of Back River 
effluent to Bethlehem Steel was assumed to be 120 MGD out 
of 185 MGD. 
d) Birchwood Gardens and HRSD - Oceana Naval Station 
values were obtained from the average of their actual 1974 
monthly discharges. 
Similarly, BOD5 emission rates used to calculate 
CBOD rates in Table 15 were obtained where possible from 
NPDES permit limitations projected for mid - 1977. Again, 
these maximum limits may overestimate actual future loads. 
Where such information was not available a standard municipal 
secondary treatment level BOD5 concentration of 30 mg/1 
was assumed. This assumption was made for the Federal 
facilities, Back River STP (and therefore Bethlehem Steel), 
Patapsco STP, and HRSD - Chesapeake Elizabeth. 
CBOD rates were calculated from BOD5 values assuming 
B0~5 is composed totally of carbonaceous matter and the 
decay rate is .22 day-l (base e). 
(2)Flow Rates 
Since no flow rates were specified on the NPDES permits, 
indirect determinations were made. If a BOD5 effluent con-
centration limit as well as a mass emission rate limit 
was specified in the permit, the flow rate values in both 
tables were calculated on the basis of these two figures. 
If a mass emission rate but not a concentration was speci-
fied for a municipal plant for 1977, 30.mg/1 was assumed 
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and the flow thus calculated. Otherwise the design flow 
rate was assumed for.both tables. Since these flow rates 
are hopefully maximums they,may overestimate the actual 
flow rates. The ~se of design flow for Table 15, however,· 
-assumes no plant expansion in the period between now and 
mid-1977. 
(3)Total Kjeldahl Nitrogen (TKN), Nitrogenous BOD (NBOD), and 
Nitrite/Nitrate Nitrogen (N02 & N0 3-N) 
TKN mass emission rates for Municipal STP 1 s and Federal 
facilities were calculated from flow rates on the basis of 
concentrations of ·1a mg/1 for secondary treatment and 34.7 
mg/1 for primary treatment. All 1977 treatment was assumed 
to be secondary. If the 1974 BOD concentrations (calculated 
from mass emission rates and flow rates if not otherwise 
specified) were higher than those for 1977, then the treatment 
was assumed to be primary. 18 mg/1 is a standard municipal 
secondary effluent TKN concentration. Assuming total nitrogen 
(TKN + N0 2 & N0 3-N) reduction rates of 20% and 50% for primary 
and secondary municipal treatment, respectively, (Amer. Chem. 
Soc., 1969) and 0.0 and 3.7 mg/1 N0 2 & N0 3-N concentrations 
for primary and secondary municipal effluent, respectively, 
(Metcalf and Eddy, 1972; Amer. Chem. Soc., 1969), a 34.7 
mg/1 TKN concentration was calculated for primary municipal 
effluent. 
American Oil TKN (NH 3 and organic -N) mass emission 
rate was determined from the NPDES permit limitations for 
anunonia nitrogen. That is, organic nitrogen d~scharge·s 
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were assumed to be negligible. 
Bethlehem Steel's NPDES ammonia nitrogen limitations 
for 1974 and 1976 were added to the 1974 influent TKN 
{from Back River STP effluent) and the 1977 influent_TKN, 
respectively, to obtain TKN emission rates. 
Since neither the NPDES permits nor the EPA Effluent 
Guidelines and Standards specified TKN discharge rates, 
no TKN discharge was assumed from Standard Products {fish 
processing), Haynie Products {fish processing), or Vepco. 
NBOD mass emission rates were calculated from TKN rates 
on the basis of the stoichiometric ratio 4.57 of oxygen 
to ammonia nitrogen in the pitrification equation: 
NH 3 + 20 2 + HN03 + H2o 
As mentioned above N0 2 & N03 - N concentrations were 
assumed to be 0.0 and 3.7 mg/1 for primary and secondary 
municipal effluent, respectively. The same N0 2 & N0 3-N 
concentration used for the Back River STP was used for 
Bethlehem Steel effluent. Again, no N02 & N03 discharge 
was assumed for Standard Products, Haynie Products or 
Vepco. These. concentrations were combined with the flow 
rates to yield mass emission rates. 
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(4)Total Phosphorus (TP) 
Total phosphorus emissions were calculated in Table 
.14 on the basis of average actual measured concentrations 
for 1973-1974 where available. Where not available, con-
centrations of 10.5 and 8.2 mg/t for primary and secondary 
. \ 
municipal effluents, respectively, (Amer. Chem. Soc., 1969) 
were used. 
Bethlehem Steel effluent concentration was assumed to 
be the same as Back River STP. As in the case of TKN 
and N0 2 & N0 3-N, Standard Products, Haynie Products, 
American Oil, and Vepco were assumed to have no phosphorus 
discharge. 
For 1977 municipal effluents, NPDES permit limitations, 
if any, (Havre de Grace, Perryville, and Sod Run) were used. 
In cases where no 1977 permit limitations were specified 
and 1974 concentrations for a source had been determined from 
actual data; if (a) the concentration was higher than the 
8.2 mg/t secondary effluent standard and (b) anticipated up-
grading of treatment between now and 197·7 was evident (based 
on CBOD concentrations), then the 8.2 mg/t secondary effluent 
standard was used for the 1977 value. Otherwise the same 
TP concentration was used for 1977 as for 1974. 
If neither permit limitations nor actual data was avail-
able, the 8.2 mg/t TP concentration was used, for 1977. 
The industrial sources were treated the same for 1977 
as for 1974. 
The mass emission rates of total phosphorus were 
calculated from the concentrations and the flow rates. 
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4. Non-Point Sources of Pollutants 
The non-point sources of pollutants input into the 
model consisted of run-off from (a) undeveloped ·land 
(forest, park, open), (b) agricultural land, (c) urban 
land, (d) suburban land, and (e) marshland drained by the 
Bay, from distances less than 10 nautical miles, either 
directly or through a tributary. The 10 nautical mile 
/ cut-off point was chosen since it was judged that the / . 
~ significance of loads traveling any further than this 
would be negligible due to decay of non-conservative 
substances and settling. 
The acreages (within IO.nautical miles of the Bay) 
devoted to each of the first four types of land use that 
drain into each model reach were estimated in the following 
manner. 
1. The proport1on of land in each relevant county devoted 
to the land use categories of (a) undeveloped (woodland, 
park, open), (b) agricultural, and (c) metropolitan 
{residential, commercial,industrial, public) was 
ascertained (Dept. of the Army, 1973). The last 
category was further divided into urban and suburban 
according to the following formulae: 
Urban acreage= (Industrial acreage+ commercial acreage)/.35 
Suburban acreage= (Metropolitan acreage) - {Urban acreage) 
.35 was chosen as the proportion of a totally urban 
area devoted to industrial and commercial activities since 
this was the corresponding proportion in the City of 
Baltimore. 
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2. The proportion of land of each county within 10 
nautical miles of each model reach of the Bay was 
estimated based on maps of the area. 
3. Assuming that land uses are distributed in the 10 
nautical mile belt as they are throughout the county, 
the data obtained in steps 1 and 2 were combined 
to give acreages of each type of land draining into 
each reach. 
Statute miles of marsh shoreline for each reach were 
estimated from maps (Lippson, 1973; G. Silberhorn and G. 
Dawes· {VIMS}, unpublished) • 
. 
Yield rates corresponding to different Susquehanna 
flow conditions used for each type of land use are shown 
in Tables __ 16 through 20. 
The values given in Tables~ through~ are logarithmic 
interpolations and extrapolations of coefficients developed 
from regression analyses of data from the lower Susque-. 
hanna River Basin (Clark, et al., 1974). Urban and sub-
urban run-off was considered to be negligible for Susque-
hanna flows of less than 37,400 cfs since such run-off is 
usually associated with storms. Shoreline marsh scouring 
was also assumed to be negligible under such flow con-
ditions, although this assumption may not be warrented in 
the case of tidal marshes. Also, in regard to the marsh 
yields of nitrogen, the literature values cited were 
expressed in terms of total nitrogen. It was therefore 
assumed that all nitrogen yield from marshland was TKN. 
In fact, a study of two salt marshes on the York River 
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(Axelrad, 1974) shows this to be the case on·an annual 
net flux basis and shows that the monthly net export of 
N02 & N0 3-N never exceeded 11% of the total dissolved 
nitrogen export. 
The nitrogenous BOD {NBOD) values in Table 19 
were calculated from the TKN coefficients on the basis of 
the stoichiometric ratio 4.S7 of oxygen to annnonia nitrogen 
in the nitrification equation: 
The ultimate carbonaceous BOD {CBOD) values were calculated 
for undeveloped, agricultural and marsh land on the basis 
of an average annual BODS concentration of 7 mg/i in 
agricultural run-off (Loehr, 1974). Assuming this figure 
corresponds to an intermediate Susquehanna flow condition 
of 37,400 cfs and assuming an annual rainfall of 30 inches 
with a .37 runoff coefficient, the calculated yield rate 
of .• 04824 lbs BODs/acre/day has a ratio of 1.06 to the 
agricultural land NBOD yield at 37,400 cfs. This ratio 
was then applied to the NBOD coefficients for undeveloped, 
agricultural and open land at all flow conditions to obtain 
corresponding BODS yield rates. 
Similarly, a BODS to NBOD coefficient ratio of 2.08 
was calculated for urban runoff at 37,400 cfs on the basis 
of a 27,000. lbs B0Ds/mi 2/yr annual yield rate (American 
Chemical Society, 1969; Loehr, 1974). This ratio was then 
applied to the NBOD coefficients for urban and suburban 
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, 
land at al flow conditions to obtain corresponding 
BOD5 yield rates. The CBOD yield rates were calculated 
_fr~e ~~~  ·rates assuming BOD5 is composed entirely 
~ carbonaceous mater and the decay rate is .22 day-! 
~ (base e). 
Finaly, the yield rates were combined with the 
acreages relevant to each Bay reach to obtain the mass 
emission rates of non-point source polutants for each 
Susquehanna River flow condition as shown in Tables 21 
through 2?• 
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' Table 16. Estimated Yield Rates of Total Phosphorus for 
Various Land Uses Under Different Flow Conditions 
Susquehanna River Flow at Conowingo, Md. (cfs) 
Land Use 2700 6400 25100 38600 
Undeveloped(lbs/acre/day) 0 .000033 .000228 .000294 
Agricultural (lbs/acre/day) 0 .000326 .001860 .002382 
Urban (lbs/acre/day) 0 0 0 .001468 
Suburban (lbs/acre/day) 0 0 0 .000815 
Marsh (lbs/statute mi/day) 0 0 0 28.2 
Table 17. Estimated Yield Rates of Nitrite and Nitrate Nitrogen 
for Various Land Uses Under Different Flow Conditions 
Susquehanna River Flow at Conowingo, Md. (cfs) 
Land Use 2700 6400 25100 38600 
Undeveloped (lbs/acre/day) 0 0 .0018 .0020 
Agricultural (lbs/acre/day) .0060 .0260 .0570 .0670 
Urban (lbs/acre/day) 0 0 0 .0065 
Suburban (lbs/acre/day) 0 0 0 .0042 
Marsh (lbs/statute mi/day) 0 0 0 0 
Table 18. Estimated Yield, Rates of Total Kjehldahl Nitrogen 
for Various Land Uses Under Different Flow Conditions 
Susquehanna River Flow at Conowingo, Md. (cfs) 
Land Use 2700 6400 25100 38600 
Undeveloped (lbs/acre/day) 0 .0005 .0028 .0035 
Agricultural (lbs/acre/day) 0 .0015 .0080 .0100 
Urban (lbs/ acre/day) 0 0 0 .0140 
Suburban (lbs/ acre/day) 0 0 0 .0070 






















Table 19. Estimated Yield Rates of Nitrogenous BOD for Various 
Land Uses Under Different Flow Conditions 
Susquehanna River Flow at Conowingo, Md. (cfs) · 
Land Uses 2700 6400 25100 38600 
Undeveloped (lbs/acre/day) 0 .0023 .0128 .0160 
Agri ~tural (lbs/acre/day) 0 .0069 .0366 .0457 
.Dan (lbs/acre/day) 0 0 0 .0640 
Suburban (lbs/aere/day) 0 0 0 .0320 








Table 20. Estimated Yield Rates of Ultimate Carbonaceous BOD for 
Various Land Uses Under Different Flow Conditions. 
Susquehanna River Flow at Conowingo, Md. (cfs) 
Land Use 2700 6400 25100 38600 70300 
Undeveloped (lbs/acre/day) 0 .00366 .02035 .02544 .03053 
Agricultural (lbs/acre/day) 0 .01097 .05819 .07266 .09588 
Urban (lbs/acre/day) 0 0 0 .19968 .54194 
Suburban (lbs/acre/day) 0 0 0 .09984 .26801 
Marsh (lbs/statute mi/day) 0 0 0 733.0 835.7 
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Table 21. Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 2700 cfs at 
Conowingo, Md, 
(lbs/day) 
Reach II TP TKN N02.$N03-N TN NBOD CBOD 
1-5 0 0 0 0 0 0 
6 0 0 132 132 0 0 
7 0 0 0 0 0 0 
8 0 0 99 99 0 0 
9 0 0 103 103 0 0 
10 0 0 159 159 0 0 
11 0 0 87 87 0 0 
12 0 0 69 69 0 0 
13 0 0 110 110 0 0 
14 0 0 175 175 0 0 
15 0 0 86 86 0 0 
16 0 0 69 69 0 0 
17 0 0 221 221 0 0 
18 0 0 46 46 0 0 
19 0 0 122 122 0 0 
20 0 0 23 23 0 0 
21 0 0 57 57 0 0 
22 0 0 57 57 0 0 
23 0 0 55 55 0 0 
24 0 0 34 34 0 0 
25 0 0 0 0 0 0 
26 0 0 0 0 0 0 
27 0 0 0 0 0 0 
28 0 0 0 0 0 0 
29 0 0 50 50 0 0 
30 0 0 164 164 0 0 
31 0 0 7 7 0 0 
32 0 0 94 94 0 0 
33 0 0 56 56 0 0 
34 0 0 40 40 0 0 
35 0 0 40 40 0 0 
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Table 
Reach II TP 





Estimated Non-Point Source Pollutant Loads By Bay 
R~ach for Susquehanna River Flow Rate of 2700 cfs at 
Conowingo, Md. 
(lbs/day) 
TKN N02&No3-N TN NBOD CBOD 
·O 133 133 0 0 
0 49 49 0 0 
0 3 3 0 0 
0 0 0 0 0 
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Table 22. Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 6400 cfs 
at Conowingo, Md. 
(lbs/day) 
Reach II TP TKN N02&N03-N TN NBOD CBOD 
1-5 0 0 0 0 0 0 
6 8 43 574 617 196 311 
7 0 0 0 0 0 0 
8 6 32 430 462 147 233 
9 6 31 446 477 140 223 
10 10 55 691 746 250 265 
11 3 26 379 405 120 191 
12 4 21 300 321 94 149 
13 7 47 478 526 216 344 
14 10 54 756 810 245 390 
15 6 39 371 410 179 284 
16 5 31 297 328 143 227 
17 13 76 957 1032 346 550 
18 3 21 198 219 96 151 
19 7 41 529 570 188 299 
20 2 10 100 110 47 75 
21 4 23 249 271 104 165 
22 4 23 249 271 104 165 
23 4 24 236 261 111 176 
24 2 12 149 161 56 90 
25 0 0 0 0 0 0 
26 0 0 0 0 0 0 
27 0 0 0 0 0 0 
28 0 0 0 0 0 0 
29 3 22 219 241 101 160 
30 10 62 711 773 285 452 
31 1 3 3 6 14 23 
32 7 45 409 454 206 327 
33 4 30 245 275 136 327 
34 2 14 172 186 63 101 














Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 6400 cfs 
at Conowingo, Md. 


























Table 23. Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 25100 cfs 
at Conowingo, Md-
(lbs/day) 
Reach fl TP TKN N02&N03-N TN NBOD CBOD 
1-5 0 0 0 0 0 a 
6 46 231 1293 1524 1055 1678 
7 0 0 0 0 0 0 
8 34 173 970 1143 792 1258 
9 34 165 996 1161 754 1198 
10 56 296 1569 1864 1352 2149 
11 29 141 847 988 645 1026 
12 23 110 669 779 505 802 
13 43 258 1119 1377 1177 1871 
14 59 289 1694 1983 1321 2100 
15 35 213 877 1091 974 1548 
16 28 170 702 872 779 1238 
17 79 409 2197 2606 1870 2973 
18 19 113 468 581 518 824 
19 43 223 1198 1421 1017 1617 
20 9 56 235 291 258 409 
21 22 123 575 698 562 894 
22 56 723 575 698 562 894 
23 · 22 132 557 689 605 961 
24 12 67 340 407 305 485 
25 0 0 0 0 0 0 
26 0 0 0 0 0 0 
27 0 0 0 0 0 0 
28 0 0 0 0 0 0 
29 20 120 514 634 550 874 
30 61 338 1635 1973 1544 2454 
31 3 61 71 132 279 124 
32 39 246 974 1220 1125 1788 
33 25 163 594 757 746 1788 
34· 14 75 391 466 342 544 
35 14 75 391 466 342 544 
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Table 23 (cont'd) 
Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 25100 cfs 
at Conowingo, Md. 
(lbs/day) 
Reach II TP TKN N02&N03-N TN NBOD CBOD 
36 56 352 1377 1729 1608 2557 
37 18 104 488 592 476 757 
38 3 23 41 64 105 166 
39 0 0 0 0 0 0 
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Table 24. Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 38,600 
cfs at Conowingo, Md. 
(lbs/day) 
Reach II TP TKN N02&N03-N TN NBOD CBOD 
1-5 0 0 0 0 0 0 
6 119 533 1539 2073 3438 6027 
7 51 233 38 271 1066: 4418 
8 766 2937 1253 4190 13423 30420 
9 653 2508 1277 3784 11460 26412 
10 637 2434 1867 4301 11123 21995 
11 716 2662 1026 3688 12167 24110 
12 216 833 806 1639 3807 8220 
13 268 1512 1637 3150 6912 33652 
14 276 1109 2011 3120 5070 10836 
15 188 881 1111' 1992 4025 12368 
16 330 1351 889 2240 6174 15243 
17 478 1956 2616 4572 8940 20717 
18 423 1662 583 2205 7411 15539 
19 902 3371 1439 4810 15405 30083 
20 264 983 277 1260 4493 8314 
21 448 1675 678 2353 7658 14224 
22 140 565 651 1216 2581 5032 
23 351 1340 659 1999 6122 11618 
24 856 3116 401 3517 14242 25965 
25 196 707 0 707 3231 5850 
26 196 707 0 707 3231 5850 
27 196 707 0 707 3231 5850 
28 162 586 0 586 2677 4847 
29 219 852 604 1456 3893 7329 
30 760 2911 1944 4855 13303 25850 
31 278 1012 84 1095 4624 8409 
32 292 1185 1144 2329 5414 10329 
33 243 971 699 1670 4435 10329 
34 212 793 460 1253 3622 6717 
35 100 389 460 849 1776 3375 
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Table 






Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 38,600: 
cfs at Conowingo, Md. 
(lbs/day) 
TKN N02&N03-N TN NBOD 
3361 1653 5014 15359 
1805 600 2405 8248 
65 67 132 295 







Table 25. Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 70,300 
at Conowingo, Md, 
(lbs/day) 
Reach II TP TKN N02&N03-N TN NBOD CBOD 
! ... 
1-5 0 0 0 0 0 0 
6 347 719 1888 2607 3284 6027 
7 235 394 111 505 1802 4418 
8 3317 3681 1708 5388 16820 30420 
9 2805 3168 1721 4889 14478 26412 
10 2636 2894 2294 5188 13227 21995 
11 3109 3157 1285 4442 14427 24110 
12 878 1031 1001 2032 4712 8220 
13 1081 3843 2544 5387 12990 33652 
14 998 1385 2451 3836 6328 10836 
15 711 1286 1495 2781 5879 12368 
16 1376 1765 1196 2961 8067 15243 
17 1836 2509 3269 5778 11466 20717 
18 1832 1967 768 2735 8990 15539 
... 19 3887 3977 1789 5766 18177 30083 
20 1152 1134 340 1475 5184 8314 
21 1930 1340 826 2766 8864 14224 
22 542 675 826 1501 3083 5032 
23 1492 1566 812 2378 7157 11618 
24 3807 3565 486 4051 16294 25965 
25 883 805 0 805 3679 5850 
26 883 805 0 805 3679 5850 
27 883 805 0 805 3679 5850 
28 732 667 0 667 3048 4847 
29 904 997 738 1735 4555 7329 
30 3173 3442 2395 5837 15731 25850 
31 1241 1156 102 1258 5281 8409 
32 1150 1400 1401 2801 6397 10329 
33 989 1143 863 2005 5222 10329 
34 894 919 33 952 4201 6717 
35 389 459 556 1015 2099 3375 
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Table 






Estimated Non-Point Source Pollutant Loads By Bay 
Reach for Susquehanna River Flow Rate of 70,300 
at Conowingo, Md. 
(lbs/day) 
TKN N02&N03-N TN NBOD 
··:. 
3993 2086 6079 18250 
2148 774 2922 9817 
132 120 252 603 
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VI. Water Quality Model - Results 
The freshwater flow and pollutant loading conditions 
described in the last chapter were combined for various 
simulation runs by the model. For each of the five 
selected flow conditions the model was run to simulate 
the water quality in the Bay proper under present, pro-
jected 1977 and 1985 pollutant loading conditions. The 
water quality parameters investigated include total 
phos~horus, total nitrogen and dissolved oxygen. 
1. Total Phosphorus 
Figures 1 - 5 show the total phos~horus distri-
butions predicted by the model for each combination of 
pollutant loading and Susquehanna River flow condition 
discussed. The percentages indicated on the 1977 curves 
refer to the degree of phosphorus removal at the point 
sources on the lower Susquehanna River only, relative to 
their present levels. The discharges of the point sources 
on the Bay are the same for each set of 1977 curves. (For 
a more detailed explanation see the previous chapter). 
Figure 1 shows the total phosphorus distributions 
for a Susquehanna River flow of 2700 cfs (76.5 m3/sec) 
(7-day 10-year low flow). The major peak in the vicinity 
of Baltimore Harbor exists for each pollutant loading condition 
except that of 1985, which represents a 100% reduction of 
point source loads both on the Bay and the lower Susquehanna 
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5. Model predictions of total phosphorus distribution for Susquehanna 
River flow of 70,300 cfs. 
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source· elimination. Thus, there is an amplification of 
non-point source significance as freshwater flow increases. 
The effect of a dimunition of Baltimore point source 
loadings between the present and 1977 is reflected in the 
0.011 mg· P/i peak differences between the present and 1977-
50% curves for both the 25,100 cfs and 38,600 cfs conditions 
and the 0.006 mg P/i peak difference for the 70,300 cfs 
condition. 
Another conspicuous feature of the system is the lengthy 
period required to reach equilibrium with respect to phos-
phorus, for changing conditions,due primarily to the very 
small decay rates as compared to oxygen demanding organic 
material, for example. 
2. Total Nitrogen 
Figures 6 - 10 show the total nitrogen distri-
butions predicted by the model for each combination of 
pollutant loading and Susquehanna River flow condition dis-
cussed. The percentages indicated on the 1977 curves refer 
to the level of nitrogen reduction at the point sources on· 
the lower Susquehanna River only, relative to their present 
levels. The discharges of the point sources of the Bay are 
the same for each 1977 curve (for a more detailed explanation 
see the previous chapter). 
Figure 6 shows the total nitrogen distributions for a 
Susquehanna River flow of 2700 cfs (76.5 m3/sec) (7-day 10-
year low flow). The differences between the 1977 curves 
-185-
I 
absence of any significant peak for the 1985 condition 
demonstrates the dominance of point sources on the phosphorus 
distribution at this freshwater discharge level. The 
differences in maximum concentrations corresponding to varied 
Susquehanna contributions for 1977 Bay loadings reflect the 
significance of the Susquehanna point sources on the phos-
phorus distribution in the Bay. An increase in phosphorus 
removal from 50% to 90% by Susquehanna point sources can 
lower the maximum phosphorus concentrations in the Bay by 
.010 mg P/i. The predominant contribution, however, is 
clearly the point source loadings from the Baltimore Harbor 
area, as evidenced by the increase in concentration there, 
relative to the Susquehanna area. Comparison of the 1977-
50% curve with the present curve shows that the approximately 
10% decrease in Baltimore point source loading, combined with 
a 50% decrease in Susquehanna point source loading leads to 
a decrease in maximum phosphorus concentration of .014 mg P/i. 
A similar pattern of phosphorus distributions exist for 
the 6400 cfs (181 m3/sec) freshwater discharge condition 
(Figure 2). Here an increase in Susquehanna point source 
removal from 50% to 90% causes a decrease in the maximum Bay 
phosphorus concentration of .012 mg P/i. The 10% decrease 
in Baltimore point source discharge and a 50% decrease in 
Susque~anna point source discharge combine for a 0.012 mg P/i 
decrease in the maximum Bay phosphorus concentration. Due 
to the higher freshwater flow, the concentrations just up-
stream of the peak are slightly lower and those downstream 
-186-
of the peak slightly higher than for the 2700 cfs case. 
The 25,100 cfs (710 m3/sec) Susquehanna flow case 
(Figure 3) displays another similar distribution pattern. 
The higher upstream boundary concentration fo~~l985 and the 
smaller spread of the 1977 curves are the result of increased 
significance of non-point sources of phosphorus relative to 
point sources on the lower Susquehanna River at this higher 
freshwater flow level. This phenomenon is further evidenced 
by the 38,600 cfs {1090 m3/sec) and 70,300 {1990 m3/sec) 
flow conditions (Figures 4 and 5). For the 25,100 cfs 
and 38,600 cfs cases, the difference between the peaks of 
the 1977-50% curve and the 1977-90% curve is only 0.004 mg P/1 
while for the 70,300 cfs case the difference is only 
0.003 mg P/1. 
The increase in peak values for corresponding curves 
as freshwater discharge levels increase, is a further demon-
stration of intensified influence of non-point sources of 
phosphorus with increased freshwater flow. Since, with the 
exception of Sod Run, the point source contributions are 
uniform for corresponding curves and the decay rates actually 
increase for increasing flow (which would tend to lead to 
decreasing values), the increasing values must be caused by 
non-point source loadings. Moreover, the small peaks between 
the Susquehanna and Baltimore areas on the 1985 curves for 
the 38,600 cfs and 70,300 cfs cases, are clearly caused by non-
point sources - particularly, the marshes at the head of 
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6· Model predictions of total nitrogen distribution for Susquehanna River 

















































1977 - 50% 
1977 - 70% 
1977 - 90% 
1985 
160 
7. Model predictions of total nitrogen distribution for·Susquehanna 
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8. Model predictions of total nitrogen distribution for Susquehanna 
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9. Model predictions of total nitrogen distribution for Susquehanna 
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were so small as to make them virtually indistinguishable. 
In each curve, the high upstream boundary concentrations 
fall off rather sharply in spite of a somewhat low decay 
rate {0.01/day) due to the slow downstream transport at 
this very low freshwater flow level {allowing time for decay 
even at this low decay rate) and the lack of any substantial 
nitrogen inputs between the Susquehanna and Baltimore areas. 
The high upstream boundary concentration for the 1985 curve, 
which represents a condition of complete point source elimi-
nation, shows the dominance of non-point sources of nitrogen 
relative to point sources on the lower Susquehanna River 
even at this low flow level. This dominance is observed 
to an even greater degree as the flow level increases {Figures 
7 - 10). Not only does the 1985 upstream boundary 
concentration rise with increasing freshwater flow, but also 
the differences between upstream boundary concentrations 
for the present and 1985 cases decreases with increasing 
flow • 
. The small peaks in the Baltimore Harbor area on the 
present and 1977 curves result mainly from point source 
nitrogen discharges, since the non-point source loadings 
on the Bay are negligible at this flow level. Comparison 
of the present and 1977 curves show that the approximately 
46% decrease in the Baltimore area point source nitrogen 
loading, combined with a 50% decrease in Susquehanna point 
source loading caused a 0.105 mg N/i nitrogen concentration 
decreases in the Baltimore area of the Bay. 
-193-, 
The concentration predicted downstream of the·Baltimore 
area again falls off rapidly and become negligible below 
the mouth of the Potomac. 
Figure 7, representing the predictions for the 
6400 cfs (181 m3/sec) Susquehanna flow level, shows a similar 
pattern. 
The decline of concentrations below the Susquehanna and 
Baltimore areas is somewhat blunted due to a more rapid 
downstream transport of nitrogen relative to the decay rate 
(which remains constant} and a higher non-point source load 
on the Bay, at this higher freshwater flow level. The 
higher concentrations in the Baltimore area for corresponding 
curves also result from these two factors. 
These trends - increased distance for concentration 
drops and higher concentrations in the Baltimore area (and 
throughout the Bay) - are manifest for each increase in 
freshwater flow level (Figures 8 - 10) • 
As in the case of phosphorus distributions, the system 
requires a lengthy period to reach equilibrium with respect 
to nitrogen for changing conditions, again due primarily to 
the small decay rate as compared to oxygen demanding organic 
material. 
3. Dissolved Oxygen 
Figure 11 shows the dissolved. oxygen distributions 
under the condition of 2700 cfs (76.5 m3/sec} Susquehanna 
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11. Model predictions of dissolved oxygen distribution for 
Susquehanna River flow of 2700 cfs. 
Two DO sags exist for all three pollutant loading conditions. 
One sag is due to the loadings from the Susquehanna River 
and the other is due to the combined effect of Baltimore 
loadings and the higher benthal oxygen demand assumed for 
the segment of the Bay. For the 1977 loading condition, 
50% point source reduction of nitrogenous BOD from the 
Susquehanna was used. The projected 1977 DO profiles 
with different degrees of point source reduction of NBOD.-
may be estimated from the present and 1985 profiles, which 
are the lower and upper limits, respectively, corresponding 
to 0% and 100% NBOD point source reduction. The carbonaceous 
BOD contribution from the Susquehanna was assumed unchanged 
(for a more detailed discussion see the previous chapter) • 
. The DO profiles show that the complete elimination of 
point sources will increase DO by about 1.0 mg/i and 0.4 
mg/1 at the first and second DO minima respectively. There 
is essentially no change in DO level throughout the lower Bay 
as the result of point source elimination • 
. Figure 12 shows the DO distributions under condition 
of 6400 cfs (181 m3/sec) Susquehanna flow and 27°c water 
temperature. The DO profiles under all three pollutant 
loading conditions are similar to those of 2700 cfs (76.5 
m3/sec) freshwater flow condition, except the levels of 
minimum DO are slightly higher. 
\ 
Figures 13, 14, and 15 show the DO distributions 
under 25,100 cfs (710 ~ 3/sec), 38,600 cfs (1090 m3/sec) and 
70,300 (1990 m3/sec) Susquehanna flows and 20°c, 10°c and 
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12. Model predictions of dissolved oxygen distribution for 
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13. Model predictions of dissolved oxygen distribution for 
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14. Model predictions of dissolved oxygen distribution for 












































15. Madel predictions of dissolved oxygen distribution for 
Susquehanna River flow of 70,300 cfs. 
0 
DO sag due to the pollutant loadings from the Susquehanna 
River because of the increased advection by higher fresh-
water flows. The location of minimum DO due to loadings 
from Baltimore migrates down the Bay as the flow increases. 
~ . 
Because of the low water temperature at times of these 
high flow conditions, the DO concentration meets the water 
quality standard throughout the Bay proper. 
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